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Preface

This volume contains the working papers of the panels appointed by the Astronomy and Astrophysics
Survey Committee. These papers were advisory to the survey committee and represent the opinions of the
members of each panel in the context of their individual charges. They have not been edited by the survey
committee, nor have they been edited or reviewed by the National Research Council.

The committee’s full survey report is contained in a separately published document, The Decade of
Discovery in Astronomy and Astrophysics (National Academy Press, Washington, D.C., 1991), issued
simultaneously with this volume of the panels’ working papers.

Selected by the committee, the chairs of the panels in turn helped the committee to select a broad and
representative group of experts to advise in 15 areas of concern. The chairs were responsible, together
with their panel members, for obtaining the views of a wide cross-section of the astronomy and astrophys-
ics community and for preparing a paper on their discussions and findings. A member of the survey
committee served as a vice-chair of each panel. In some cases, the panel chairs selected a core group 1o
assume primary responsibility for writing the panel’s paper; members of such core groups are designated by
an asterisk in the list of panel members that precedes each paper.

The panel chairs presented their papers in oral and written form at the June and July 1990 meetings
of the survey committee and were invited to participate with the committee in the initial attempts to
generate a cohesive set of overall recommendations. The views of the participants were modified by the
discussions that took place between the different advocates and experts. The committee based its final
decisions and recommendations in significant part on the contents of the panel papers and on the discus-
sions with the panel chairs.

Ten panels had charges that reflected specific scientific areas, eight of them based on wavelength
region and two (those of the Planetary Astronomy Panel and Solar Astronomy Panel) on particular
subdisciplines with special needs. The committee asked these ten science panels to identify the most
important scientific goals in their respective areas, to prioritize the new initiatives needed to achieve these
goals, to recommend proposals for technology development, to consider the possibilities for international
collaboration, and to discuss any policy issues relevant to their charge. The Astronomy and Astrophysics
Survey Committee served as an interdisciplinary panel to guarantee that scientific questions that did not fit
conveniently into this organizational structure were handled appropriately on an ad hoc basis.

Four other panels were appointed to explore computing and data processing, policy opportunities, the
benefits of astronomy to the nation, and the status of the profession. The working papers written on the
first three topics were used by the committee as a basis for developing the chapters with corresponding
subject matter (Chapters 5, 7, and 8, respectively) in the survey report. Data from the working paper titled
"Status of the Profession” were used in preparing various chapters and Appendix B of the survey report
and by other panels in preparing their papers. The Science Opportunities Panel, the fifteenth panel
appointed by the committee, prepared a paper that the committee believed should be expanded and
published separately as a popular book accessible to as large an audience as possible. An abbreviated and
adapted version of this panel’s paper appears as Chapter 2 of the survey report.

Members of the panels consulted widely with their colleagues to solicit advice and to inform other
members of the astronomical community of the main issues facing the committee. Each panel held an

vii
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open meeting at a session of the American Astronomical Society, and most of the panels held sessions at
other professional gatherings, as well as at astronomical centers at different places in the United States.
Each panel discussed with the relevant federal agency personnel the problems and issues of its particular
area. These interactions with agency personnel provided valuable background to the discussions, although
the panels were careful to preserve the independence and confidentiality of the National Research Council

deliberative process.

The Astronomy and Astrophysics Survey Committee believes that the material in the panel papers is
of general interest and may be of special use to students and research scientists in astronomy and
astrophysics, as well as to university and governmental administrators.

John Bahcall
Chair
Astronomy and Astrophysics Survey Committee
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EXECUTIVE SUMMARY

Since Karl Jansky’s first observations in 1932, improvements in technology have increased the sensitivity of
radio telescopes by an average of about two orders of magnitude per decade, improved the angular resolution
of radio images from tens of degrees to better than a thousandth of an arcsecond, and extended the short
wavelength limit of radio astronomy from meter to millimeter and sub-millimeter wavelengths. The radio
telescope is now the instrument of choice for high resolution and high fidelity images of many types of celestial
objects.

During the past decade the unique facilities at the national radio observatories have made possible dramatic
discoveries ranging from fundamental physics and cosmology to the spectacular radar imaging of asteroids. At
the same time, pioneering observations made at millimeter and sub-millimeter wavelengths have provided the
best picture yet of the spiral structure of our Galaxy, and have led to a much better understanding of the
structure, dynamics, and chemistry of star-forming regions. New radio techniques have been developed to
measure distances throughout the Universe. These methods are already leading to reevaluations of the size scale
of the Galaxy and the Universe. Other advances in high resolution imaging, signal processing, and millimeter
and sub-millimeter spectroscopy have opened many other new opportunities for radio astronomy in the 1990’s.
Unfortunately, however, the funding for radio astronomy has not been able to keep pace with the growth of the
science.

Over the past ten to fifteen years, important radio telescopes have been closed, and there has been minimal
new capital investment in existing national facilities to upgrade them to the state of the ar, or even to
maintain them and replace obsolete instrumentation. Of particular concemn are the deteriorating state of
the VLA—the world’s premier radio telescope—the inadequate support for the newly developed fields
of millimeter and sub-millimeter radio astronomy, and the decrease in the number and level of research
grants to individual scientists.

As we enter the decade of the 1990’s radio astronomy looks forward to the timely completion of the Very
Long Baseline Array (VLBA), the Green Bank Telescope (GBT), the Arecibo upgrading project, the Arizona-
German Sub-Millimeter Telescope (SMT), and the Smithsonian Sub-Millimeter Wavelength Array (SMA).
Additional funds will be needed for operating these new facilities. At the same time, it is important to exploit
the dramatic technical developments of the 1980’s and to start now on the design and construction of facilities
that will provide powerful new research opportunities during the decade following the 1990’s.

The Radio Astronomy Panel recommends as the highest priority for new instrumentation for radio
astronomy the construction of a Millimeter Wavelength Array (MMA) with a collecting area about 2000
square meters, receivers operating in all atmospheric windows in the range of 30 to 350 GHz, angular
resolution better than 0.1" at the shortest wavelengths, and versatile high resolution spectroscopic capability.
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The Millimeter Array will make possible the study of a wide variety of objects in the solar system, star
formation and evolution, stellar nucleosynthesis, chemical and physical structure of the interstellar medium in
the Milky Way as well as in distant galaxies, and the structure and evolution of the Universe. The sensitivity,
angular resolution, speed, and image quality of the MMA will each exceed that of any existing millimeter wave
instrument in the world by more than an order of magnitude.

Due to the fact that the MMA will not be complete before late in the decade, it is essential that adequate
support be provided in the interim to the millimeter and sub-millimeter telescopes currently in operation. These
instruments will advance the science and technology in this field during the next decade and train the young
scientists who will use the MMA when it goes into operation.  The existing university-based millimeter
interferometers will play a particularly important role because they have begun and will continue to develop the
scientific and technical program leading to the MMA. They will also provide a vital source of student and
postdoctoral training in millimeter interferometry.

The Radio Astronomy Panel also recommends, in order of priority, the following new moderate scale
instruments:

The construction of a filled aperture Large Millimeter Wavelength Radio Telescope.

The expansion of the VLA to cover the range of resolution intermediate between the current VLA and
the VLBA, and to greatly enhance the imaging power of both the VLA and the VLBA.

The deployment in space of a 25-m class radio telescope, in collaboration with an international group
of partners in Europe, Japan, and the USSR, to operate as a Very Long Bascline Interferometer
(VLBI) element in space.

The Radio Astronomy Panel recognizes the need for a continuing opportunity for initiating new small-scale
projects. Although the Panel fully expects that new ideas will be continually developed over the next decade,
we have identified the following initiatives as being particularly meritorious at this time:

A Large Southern Radio Telescope in Brazil to be constructed and operated by an international
consortium for research in atmospheric sciences, radio, and radar astronomy in the southern skies.

The construction of a small radio telescope especially designed to detect spatial fluctuations in the
cosmic background radiation (CBR) at levels of one part in a million.

The participation in the Soviet and Japanese space VLBI missions planned for the mid 1990’s.

The establishment of small research groups at universities to develop advanced instrumentation and
carry out observational programs to search for extraterrestrial intelligence (SETI).

The development of a frequency agile, image-forming radio telescope for solar research.
The construction of a Fast All Sky Telescope to survey the sky for variable radio sources.

The Panel has identified the following areas of technological research which have particularly great potential
to enhance the power of existing and future radio telescopes: a) the continued development of receiver
technology for millimeter and sub-millimeter wavelengths; b) the development of broad bandwidth recording
systems and data links for VLBI; and ¢) strengthening of ¢fforts toward the protection from radio frequency
interference (RFI) to ground, space, and lunar based radio telescopes, together with the development of effectxve
techniques to suppress or eliminate the effects of RFI on radio astronomy observations.

The Panel also recognizes the opportunity for the development of major new capabilities that will be possible
beyond the year 2000, and recommends that an orderly program begin during the 1990’s directed toward the
development of low frequency radio astronomy techniques on the ground and in space, ultimately leading to the
establishment of a low frequency, high resolution radio astronomy telescope on the moon.
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Introduction

Radio astronomy began just before the second World War and matured in the 1950’s, mostly through the
pioneering efforts of scientists with backgrounds in radio science, electrical engineering, or wartime radar. Their
work led to remarkable discoveries in the 1950’s and 1960’s, including radio galaxies, quasars, pulsars, radio
bursts from the Sun and Jupiter, giant molecular clouds, interstellar masers, and the cosmic microwave
background. The radio observations also led toward much better understanding of a number of other
astrophysical topics, including the nature of planetary atmospheres, surfaces, and spin-orbit resonances, the
physical conditions in star-forming regions, the importance of galactic nuclei, the gas content of circumstellar
shells and interstellar space, and conditions in the most distant parts of the Universe corresponding to epochs
shortly after its creation.

In the 1970’s, radio astronomers undertook an ambitious radio telescope construction program to exploit
these new astrophysical areas, as well as the vigorous development of the specialized technologies needed for
such fruitful new techniques as very long baseline interferometry, millimeter wavelength spectroscopy, and fast
data acquisition and signal processing for pulsar and planetary radar studies.

The techniques of radio astronomy have continued to develop rapidly during the 1980%s. Specialized
hardware and algorithms have been developed for aperture synthesis imaging, with angular resolution and image
quality unequaled by any other technique, and for making detailed measurements of the weak periodic signals
from pulsars. Lessons learned in long baseline interferometry experiments led to the construction of the
transcontinental Very Long Baseline Array, with antenna elements located from Hawaii to the Caribbean. At
the same time millimeter and sub-millimeter techniques have been developed and exploited in this nearly
unexplored region of the electromagnetic spectrum. But, for more than a decade, NSF funding of ground-based
astronomy has been inadequate to keep pace with the growth of the science. This has serious consequences
which now threaten the health of all of astronomy in the United States. Radio astronomy, which depends on
the NSF for nearly all of its support, is in a particularly critical situation.

The lack of adequate funds for the support of individual scientists, for the operation, maintenance, and
upgrading of existing radio telescopes to the state of the an, and for instrumentation and computing
resources is the most important problem facing radio astronomy.

As we enter the decade of the 1990’s, opportunities for new research initiatives will depend on the timely
completion of the VLBA, the GBT, the Arecibo upgrading project, the Arizona-German Sub-Millimeter
Telescope, and the Smithsonian Sub-Millimeter Wavelength Array. Additional funds will be needed for operating
these new instruments. At the same time, it is important to exploit the dramatic technical developments of the
1980’s and to start now on the construction of radio astronomy facilities which will provide powerful new research
opportunities during the decade following the 1990’s.

Scientific Opportunities

The history of radio astronomy has been characterized by the discovery of a wide range of fundamentally
new phenomena and objects that have revolutionized our understanding of the Universe. Radio galaxies, quasars,
pulsars, molecular masers, and solar radio bursts were serendipitous discoveries resulting from the use of
powerful new technologies. Other new phenomena, such as gravitational lenses, neutron stars, and the
microwave background radiation, were discussed prior to their discovery, but theoretical considerations played
little role in their actual discovery.

Even among the more traditional cosmic bodies, such as stars, planets, and the Sun, radio observations have
opened up a whole new domain of previously unknown phenomena. Planetary radio and radar observations first
revealed the retrograde rotation of Venus and the unexpected rotation of Mercury. Other unexpected solar
system discoveries include the excessive temperature of the Sun’s corona, the high surface temperature of Venus
likely the result of a runaway greenhouse effect, the high temperature of the outer planets apparently duc to
internal heat sources, the Van Allen Belts around Jupiter, and the spectacular low frequency bursts caused by
violent electromagnetic activity in the atmospheres of Jupiter and the Sun.

For many years the analytic power of radio telescopes suffered from two major limitations: poor angular
resolution and the inability to measure distances. But, during the decade of the 1980’s, this situation has
dramatically changed.

Because of the long wavelengths involved, it was thought for a long time that the angular resolution of radio
telescopes must be severely limited compared with that of optical or infrared telescopes. In fact, the reverse is
true; the long wavelength radio waves pass relatively unaffected through the terrestrial atmosphere while optical
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telescopes are limited by "seeing.” Also, because the precision needed to build diffraction limited instruments
at radio wavelengths is not as demanding as at optical wavelengths, radio telescopes may have essentially
unlimited resolution. Sophisticated new techniques for analyzing radio interferometer data effectively eliminate
any effects of image distortion from the atmosphere to give radio images with extraordinary image quality and
angular resolution better than one thousandth of an arcsecond. This is several orders of magnitude better than
available by any other technique on the ground or in space.

Radio distance measurements are now able to reach beyond the local flow to give fundamentally new
determinations of the size of the Galaxy, the Hubble Constant, and the size of the Universe itself. These
techniques, some of which are completely independent of evolutionary effects or the usual hierarchical arguments,
include: the direct trigonometric parallax of pulsars and other galactic objects; statistical parallax measurements
of H,0 masers; the time delay of OH emission in late type stars; VLBI measurements of supernovae expansion
velocities; HI and CO spectroscopic redshifts; the Tully-Fisher Relation; VLBI observations of superluminal
component motions; gravitational lensing; and the Sunyaev-Zeldovich effect.

Millimeter and Sub-Millimeter Wavelength Astronomy

Millimeter wave astronomy has opened up new opportunities to study the evolution of stars, galaxies, and
the Universe itself. The chemistry and composition of the interstellar medium, the earliest stages of star
formation, and the internal kinematics of luminous galaxies are uniquely revealed at millimeter wavelengths.
Array-type radio telescopes for millimeter and sub-millimeter wavelengths, built with recently developed
technology and exploiting powerful new imaging techniques, will provide tremendous improvements in sensitivity
and resolution in these spectral bands.
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FIGURE 1 The millimeter wavelength spectrum of the
‘H L Orion Molecular Cloud (OMC-1) showing more than one
R thousand lines identified with about thirty different molecular

T ' S species. High resolution images of the chemical and isotopic
g o T distributions map the gradients of temperature and density, as
: a * = ' well as the kinematics, and give insight into the process of how

these clouds collapse to form stars. (Photo courtesy of T. G.
Phillips, California Institute of Technology)

New stars are continually being born in giant clouds containing millions of solar masses of molecular gas.
Studies of carbon monoxide made at 2.6 mm wavelength have led to the determination of the size, mass, and
location of hundreds of molecular clouds throughout the Galaxy, and have provided the best picture yet of the
spiral structure of the Milky Way. The study of isotope abundances in molecular clouds gives evidence for the
survival of interstellar molecular material in primitive solar system objects, and allows the study of conditions
relevant to the origin of the solar system, and perhaps, life itself. In the most luminous galaxies and quasars,
the molecular gas appears to play a pivotal role in promoting energetic starbursts and possibly fueling active
galactic nuclei. ... T 7 - T S

Millimeter wavelength observations of the gaseous envelopes around very old stars give insight into their
morphology, dynamics, nucleosynthesis and chemical abundance. High resolution millimeter wavelength images
of outflowing envelopes of old giant stars show that they contain shells of gas containing molecules which must
have been produced in a remarkably short time of a few thousand years. Improved sensitivity and resolution at
millimeter and sub-millimeter wavelengths has also led to much better understanding of the structure, dynamics,
and chemistry of star-forming regions, the detection of interstellar polyatomic organic molecules, and to the
unexpected discovery of gaseous outflows from young stars.

ORIGINAL PAGE IS
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Millimeter and sub-millimeter wavelength observations are particularly critical to our understanding of
galaxies, because these wavelengths penetrate the dust obscuring the galactic cores at other wavelengths and
allow the large-scale gas and dust distributions and their relationship to global star formation to be determined.
Carbon monoxide has now been detected in hundreds of galaxies, and imaged in dozens. The data reveal
galaxies with central disks, rings, bars, strong nuclear concentrations, and prominent spiral arms. Molecular gas
is found to be concentrated primarily in the inner parts of spiral galaxies, especially those that are very luminous
in the infrared. The recent detection of CO in several quasars serves as a prominent indication of the future
potential of extragalactic molecular astronomy.

Meter to Hectometer Wavelength Astronomy

During the past decade several unexpected discoveries have led to a resurgence of interest in radio
astronomy at long wavelengths. Surprisingly, strong meter wavelength recombination lines have been found in
the interstellar medium throughout the galaxy. A prominent meter wavelength continuum source led to the
discovery of the first millisecond pulsar. The variability of Cassiopeia A at meter wavelengths is difficult to
explain within the context of any conventional understanding, Solar radio bursts due to electron streams and
shock waves have been observed and need to be imaged with high angular resolution, particularly in the nearly
unexplored hectometer wavelength band where the radiation originates in the region of solar wind acceleration.
Planetary radio observations at long wavelengths have also resulted in the recognition of a new coherent emission
mechanism, known as cyclotron maser radiation, which provides an elegant explanation for the extraordinarily
bright (up to 10* K) circularly polarized radiation seen in the Earth’s auroral zones, from Jupiter and the other
giant planets, from the Sun, and from a variety of stars. Animportant challenge for meter wave radio astronomy
during the next decade will be the attempts to detect highly redshifted primordial "pancake” clouds of neutral
hydrogen.

The Sun, Stars, Pulsars, Interstellar Masers, and Extrasolar planets

Millisecond and binary pulsars, formed in the complicated evolution of an interacting pair of stars, have
taught us important lessons about the last stages of stellar evolution in close binary systems. Pulsars will
continue to be extremely productive tools for probing a wide range of phenomena in gravitational physics,
cosmology, astrometry, time-keeping metrology, and nuclear and plasma physics. The upgraded Arecibo antenna

and the Green Bank Telescope, together with sophisticated new signal processing and data acquisition systems,
will provide unprecedented sensitivity and flexibility for pulsar studies of all kinds.
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Molecular maser clouds are found surrounding newly formed as well as very old stars. Measurements of
Zeeman splitting of OH and H,O maser lines determine the magnetic field strength which has been important
in understanding the energy balance and kinematics of the molecular clouds. Astrometric VLBI measurements
made with the extraordinary precision of 10 microarcseconds per year have made it possible to track the motions
of H,0 masers in the envelopes of young stellar objects, and to determine directly their distances. Extension
of this technique to space VLBI offers the promise of the direct measurement of distances to nearby galaxies
and the recalibration of the distance scale of the Universe.
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The high sensitivity of the Very Large Array and the Arecibo telescope has also made possible the detection
and imaging of radio emission from a variety of stars. Radio emission with a thermal spectrum has been
identified with stellar winds which transfer mass between the components in binary star systems, while non-
thermal emission is associated with a wide range of phenomena including short-lived flares up to a million times
more intense than those seen on the sun. The VLA has identified the locations where high energy electrons are
accelerated and confined during solar flares, and has revealed a remarkable correlation between radio brightness
and the magnetic field structure of the chromosphere and corona. The Millimeter Array and the added
resolution of the expanded VLA will be particularly important in imaging the radio emission from stars of every
spectral type and luminosity.

Interest in the existence of planets around other stars and their possible consequences has never been higher.
Astrometric detection of dark stellar companions may be possible with the VLBA, The formation of planetary
systems around individual stars is a fundamental problem that is best studied at millimeter wavelengths where
the dynamics and chemistry of the dust and gas surrounding newly formed stars can be directly observed. The
millimeter and sub-millimeter arrays and the Large Millimeter Telescope will be extremely powerful tools for
probing preplanetary circumstellar disks. In addition, the Search for Extraterrestrial Intelligence, SETI, continues
to fascinate the layman as well as scientists. SETI provides a powerful intellectual and technical challenge, and
will be expanded during the 1990°s with powerful new instrumentation and techniques that will greatly extend
the horizons of the search. S :

The Planets, Asteroids, and Comets

With the detection of Pluto, thermal radio emission has now been observed from all of the planets, several
of their satellites, and from a number of asteroids and comets. Millimeter interferometry of ammonia in the
atmosphere of the giant planets and of carbon dioxide in the atmospheres of Venus and Mars offer the possibility
to directly observe the diurnal, latitude, and seasonal variations of atmospheric temperature and molecular
abundance. Variable sulfur dioxide emission has been observed at millimeter wavelengths on Io, probably as
a result of volcanic activity. Millimeter observations of hydrogen cyanide, a cometary parent molecule, provides
direct information on the kinematics in cometary coma as well as on its chemical composition.

Figure 3 Radar images of asteroid 1989 PB made at the
Arecibo Observatory near the time of closest approach of 2.5
million miles. The dumbbell-shaped asteroid is between one
and two kilometers across and rotates with a period of about
four hours. These images have an effective resolution of better
than ten milliarcseconds. (Photo courtesy of S. Ostro, Caltech
Jet Propulsion Laboratory)

Worldwide VLBI observations have been used to track the two Soviet VEGA balloons to give information
on the circulation of winds in the atmosphere of Venus. Radar observations during the past decade have yielded
the first direct detection of a cometary nucleus, the discovery of large-particle clouds associated with comets
TRAS-Araki-Alcock and Halley, the extremely irregular, non-convex shapes of some near-Earth asteroids, and
the first direct evidence that the rings of Saturn contain centimeter or larger sized particles.
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Radio Galaxies, Quasars, and Cosmology

Radio observations continue to play a key role in understanding galaxies, quasars, and active galactic nuclei
(AGN’s), and have changed our understanding of cosmology in a fundamental way. Observations of neutral
hydrogen gas in thousands of galaxies have revealed the existence of structures with dimensions of at least 50-100
Mpc. These results establish important boundary conditions on the evolution of large-scale structures in the
Universe, and have been used for dynamical studies of the mass distribution within galaxies, placing lower limits
on the amount of "dark matter” that they contain. Extragalactic neutral hydrogen and carbon monoxide surveys
will continue to be extremely productive, especially with the upgraded capabilities of the Arecibo telescope, the
VLA, the new Green Bank Telescope, and the proposed new millimeter radio telescopes. The observation of
highly redshifted atomic and molecular gas provides information about conditions in galaxy disks at early epochs.
Together with optical redshift surveys, these data provide an invaluable pool of cosmological information to
investigate the formation, evolution, and large-scale distribution of galaxies, and to address the question of
whether the Universe is open or closed. Gravitationally focused images of distant quasars give us a new
technique for studying the mass distribution in galaxics as well as a new and potentially important method of
determining the size and age of the Universe.

Probably the most important discovery in cosmology in modern times is the radio detection of the cosmic
microwave background radiation. Except for the effect of our motion through the Universe, the background
radiation is found to be remarkably smooth to within a few parts per hundred thousand. This simple
experimental fact provides one of the most stringent constraints on models of the early Universe, and particularly
on the enigmatic process of galaxy formation. Testing the isotropy of the cosmic microwave background at the
one-part-per-million level is now experimentally feasible and needs to be vigorously pursued. This type of
experiment will continue to be one of the observational cornerstones of cosmology.

Long-standing problems still remain in understanding the source of energy in quasars and active galactic
nuclei, and the conversion of energy into the relativistic plasma which generates the observed synchrotron
radiation. VLA observations during the past decade have revealed jets, filaments, and hot spots in both
extragalactic radio sources and in the center of our own Galaxy. These complex structures reflect the wealth
of detail in the radio emitting plasma and the important role played by magnetic fields.

| T3

FIGURE 4 Six centimeter VLBI image of the core of the
quasar 3C 273 made from a 14 element "world-array." The
image has an angular resolution of 1 by 2 milliarcseconds.
Repeated observations at this and at shorter wavelengths show
the ejection of superluminal components which emerge from the
core and appear to move along a fixed curve path with similar
speeds of about one milliarcsecond per year. This corresponds
to an apparent transverse linear velocity of about ten times the
speed of light, and is referred to as superluminal motion.
- ] The insert shows the core component observed at 3 mm
'D : & wavelength with an angular resolution about ten times better
g v than at 6 cm. Millimeter interferometry gives the highest
30 — resolution images ever obtained in astronomy. The individual
o components are less than half a light year in extent. (Photo
Op@ courtesy of L. Baath, Onsala Space Observatory, Sweden)
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VLBI observations have concentrated on the small but incredibly energetic cores of quasars and active
galactic nuclei where the relativistic plasma is accelerated and focused into narrow jets which flow with apparent
superluminal motion toward the extended radio lobes located hundreds of thousands of light years away.
Superluminal motion is thought to be due to bulk relativistic motion of the radiating plasma nearly along the line
of sight. An important consequence of the relativistic motion is that the synchrotron radiation is beamed along
the direction of motion, so that the apparent radio luminosity of quasars and active galactic nuclei is very
dependent on the orientation of the beam and in favorable cases may be enhanced by orders of magnitude. It
is not clear how important the effects of relativistic beaming are in other parts of the electromagnetic spectrum,
but the correlation of time variability and the continuity of the spectra suggest that the apparent optical, IR, and
X-ray luminosity of quasars and active galactic nuclei may also be enhanced by this phenomenon. But the
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beaming models are difficult to reconcile in detail with the observations, and attempts to establish unified
geometric models have been only partially successful. The increased resolution, sensitivity, and dynamic range
expected from the expanded VLA, the VLBA, and space VLBI experiments will provide greatly enhanced
capabilities for attacking these problems.

Challenges For Radio Astronomy in the 1990’s

Many astrophysical puzzles are not yet solved, and almost certainly some presently "known" answers are
wrong. The apparent neutral hydrogen links between the distant quasars and nearby bright galaxies, the apparent
anisotropy and anomalous nature of the counts of strong radio sources, the absence of expected relativistic effects
in the angular size-redshift distribution of quasars, and the apparent quantization of quasar and galaxy redshifts,
are all difficult to understand within the framework of conventional cosmology and astrophysics.
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By its very nature, basic scientific research addresses questions that lie at the boundaries between the known
and unknown. If an answer to a scientific question is predictable with any degree of confidence, the question
is probably not very close to this boundary! For this reason, it is difficult and probably even inappropriate to
speculate on the most important scientific advances during the coming decade, even if the discussion is in rather
general terms and the time scale is the relatively near future.

Too great a reliance on detailed planning may limit truly innovative thinking. We note that many of the
radio astronomy highlights of the 1980’s——millisecond pulsars and the detection of gravitational radiation
damping, the extreme isotropy of the cosmic background radiation, the ordered clumpiness of the distribution
of galaxies, bi-polar outflows from very young stars, gravitational lensing, and the high-dynamic-range mapping
capability of the Very Large Array—were unexpected developments and largely unforeseen before their
discovery. Earlier, radio galaxies, AGN’s, quasars, pulsars, radio bursts from the Sun and Jupiter, the high
surface and atmospheric temperatures of the planets, giant molecular clouds, interstellar molecular masers, and
the cosmic background radiation itself were initially discovered as a result of the drive to exploit emerging new
technology. Considerations of specific scientific issues had little impact on these major discoveries which now
dominate much of our astrophysical thinking. As a result of these discoveries, radio astronomy has probably
generated more new problems and questions than it has solved old problems, and has shown not only the
inadequacy of our understanding even a few decades ago but, more importantly, the inadequacy of the questions
we were asking. In an experimental discipline like radio astronomy, progress depends on the availability of the
most advanced technology used by talented people with access to the best possible opportunities for training.
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Recommendations for New Facilities

The Radio Astronomy Panel recommends as the highest priority for new construction a Millimeter Wave
Array with sub-arcsecond resolution, comparable to that of the VLA and having good image quality, a
sensitivity adequate to study faint continuum and line emission, and a flexible spectroscopic capability in
all of the millimeter wavelength windows between 30 GHz and 350 GHz. Cost: 3115 M.

The Panel also identifies the following moderate sized projects, in order of priority, as being complementary
to the Millimeter Array and important to the continued development of radio astronomy during the decade of
the 1990’s.

A Large Millimeter Radio Telescope Working to at Least 230 GHz' $15M
Expansion of the VLA $33M
A VLBI Antenna in Space’ $200M

The Panel recognizes the need for a continuing opportunity to develop small new instruments and programs
in response to newly developed discoveries, techniques, or theoretical ideas. The following small new initiatives
at university facilities and national laboratories have been identified as being particularly important and timely.

A Large Southern Radio Telescope to be Built and Operated in Brazil $10M
in Collaboration With an International Consortium of Partners’

A Dedicated Cosmic Background Imager $10M
RADIOASTRON and VSOP Space VLBI Missions* $10M
Establishment of University-Based SETI Research Programs $S5M
A Fast All Sky Telescope $10M
A Solar Radio Telescope $0.4 M

The Panel also recognizes the importance of developing long-range plans and instrumentation needed for
new facilities in the beginning of the 21st century, including:

The identificaticn of technological innovations leading to the development of new instrumentation for
radio astronomy, including receiver technology for millimeter and sub-millimeter wavelengths, broad-
band recording systems for VLBI, advanced computing facilities and algorithms for imaging and pulsar
analysis, and the strengthening of efforts to control radio frequency interference.

Radio telescopes in space for observations at sub-millimeter wavelengths
An astrophysical observatory in Antarctica with large millimeter and sub-millimeter radio telescopes
A low frequency radio telescope on the far side of the moon

! Federal share representing about half of the total cost of project.

? Approximate US share of proposed international mission

* US share of approximately $ 100 M project
* Cost of US participation in Soviet and Japanese space VLBI missions
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The Millimeter Array

Large radio telescopes may require a decade to design and construct. In order to ensure the continued
preeminence of American radio astronomy into the next decade, it is important to begin now the work leading
to the next generation of radio telescopes.

The highest priority of the Radio Panel for new instrumentation is for the construction of a Millimeter
Wavelength Array with sensitivity, resolution, image quality, and speed adequate to investigate the wide
range of astrophysical phenomena that are best studied at millimeter wavelengths.

FIGURE 6 Artists conception of the Millimeter Array showing the antennas in the 250 meter configuration. The road for
the 900 meter configuration is shown as well as the compact configuration in which the antennas are arranged to simulate the
response of a single 70 meter diameter antenna. The 3 km outer road is coincident to the 900 meter road in this inner part
of the array. (Photo courtesy of the National Radio Astronomy Observatory—Associated Universities, Inc.)

Dramatic advances in technology have caused an explosive growth of millimeter and sub-millimeter wave
astronomy. The high spectral resolution provided by heterodyne spectroscopy of molecular clouds provides a
powerful tool for basic molecular physics. Of particular interest is the chemistry of the interstellar medium,
which is readily studied at millimeter wavelengths where the spectroscopy of cosmic molecules rivals in richness
the Fraunhoffer spectrum of the sun and stars. Observations of these lines play an important role in helping to
understand how molecular clouds collapse to form stars, to identify the molecules primarily responsible for cloud
cooling, and to determine the kinematic details of the process from the observed velocity fields. One very
important result will be a great improvement in our understanding of star-forming regions in our own and other
galaxies.

Millimeter astronomy was developed and pursued solely in this country until the early 1980’s. Although no
large millimeter wavelength instrument has ever been built by the United States, major facilities are now in
operation in Europe and in Japan. The Millimeter Array will recapture the once dominant position of the
United States in millimeter astronomy and will complement the major U.S. instruments that will be in operation
by the end of the next decade in other wavelength bands.

The MMA will be especially well-suited to simultaneous multi-wavelength spectroscopy with high spectral
resolution and will have a wide range of astrophysical applications, including solar system research, molecular
spectroscopy, studies of protoplanetary systems, star formation, primordial galaxies, and the microwave
background.

In the most distant parts of the Universe, the MMA will image thermal dust emission in galaxies out
to redshifts of ten, yield images of dust emission in active galactic nuclei and quasars with a resolution
about one hundred parsecs, detect carbon monoxide from galaxies out to large redshifts, and image the
Sunyaev-Zeldovich effect from clusters of galaxies to provide an independent determination of the
Hubble constant and the size and age of the Universe.

e
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For nearby galaxies, the MMA will determine the masses and kinematics of optically obscured galactic
nuclei with a resolution of a few parsecs, and image the distributions of the molecules containing
carbon, oxygen, nitrogen, and sulfur and their isotopes.

Within the Galaxy, the MMA will observe stars of every spectral type and luminosity class, measure
their photospheric emission and temperature gradients, and determine positions with astrometric
accuracy. Observations with 0.1 arcsecond resolution will permit the identification of regions of star
formation in dark clouds, resolve cloud fragments, protostars, and circumstellar accretion disks as small
as 10 AU, image the density and velocity structure of protostellar and pre-planetary disks, and provide
images of the chemical gradients in protostellar nebulae and circumstellar shells that reflect the
chronology of stellar nucleosynthesis and envelope convection,

Inside the solar system, the MMA will probe the physics of particle acceleration in solar flares; image
the atmospheric winds and the temperature profiles of Venus and Mars; resolve the phosphine emission
in the Great Red Spot on Jupiter, hydrogen cyanide on Titan, and volcanic emission on Io; and obtain
unobscured images of cometary nuclei, asteroids, and the Pluto-Charon system.

The Millimeter Array will be a national facility open to all qualified users, and will provide fast sensitive
high fidelity sub-arcsecond imaging from 30 GHz to 350 GHz, wide-field imaging, sensitive simultaneous
broadband operation, and a comprehensive "single-dish" capability. The proposed array will contain 40
transportable antennas, each 8-m in diameter, and will be reconfigurable to match the angular resolution to a
wide range of astrophysical problems, The angular resolution will be 0.07 A, arcsecond in the largest 3-km
configuration. In its compact configuration, the MMA will have a resolution comparable to that of a 70-m
antenna with a collecting area equal to that of a single 50-m diameter antenna. The rms sensitivity for point
source continuum observations will be better than 1 mJy/(min)"/2 and for spectral line observations at 230 GHz,
1.2 K/(min)'”* for a 1" beam and 1 km/sec velocity resolution. Design and prototyping work for the MMA is
planned for the period 1991-1994, and construction from 1994-1998.

Medium Scale New Instruments:

Large Millimeter Wave Telescope: The Radio Astronomy Panel recognizes the need for a modern 50-meter
class filled aperture radio telescope capable of operation to at least 230 GHz, located at a good site and available
to scientists independent of their institutional affiliation. The Panel is impressed by the progress being made
in the use of active optics to build a large millimeter radio telescope at relatively low cost. Such an instrument
equipped with focal plane heterodyne and bolometer arrays will offer a huge increase in speed and sensitivity
over currently available instruments and will provide an extremely powerful tool for the study of interstellar
matter and star formation. The Large Millimeter Telescope will allow fast spectroscopic and continuum surveys
of large regions of the sky, and may have application to planetary radar. The LMT will also provide a substantial
enhancement to millimeter VLBI. It is expected that the LMT will cost about $35 M to construct, with about
half of this to be paid by private or state funds.

VLA Expansion: The gap between the VLA and the VLBA may be bridged with a combination of tape recorder
and fiber optic links between the two arrays and by adding new antenna elements. This will increase the
resolution of the VLA at all frequencies; improve the dynamic range, field of view, and extended source
sensitivity of the VLBA; and give a "scaled array” capability over a much wider range of frequencies than is now
available. Of particular importance will be the ability to determine how the Stokes parameters of the radiation
vary with frequency over a wide range of frequency at a fixed angular resolution. The Radio Panel recommends
a phased plan which includes: (a) placing up to four VLBA tape recorders at the VLA ($1 M); (b) constructing
up to four new antennas in New Mexico and Arizona ($21 M); (c) providing fiber optic links from the VLA to
the four new antennas and to the one at Los Alamos, and expanding the VLA correlator from 27 to 33 stations
($11 M). These improvements will provide a greatly enhanced resolution and imaging capability over a wide
range of frequency, and brightness sensitivity with many applications to radio observations of the Sun and planets,
radio emission from stars, novae, protoplanetary nebulae and stellar winds, as well as from star-forming regions,
and for the study of active galactic nuclei and quasars.

Space VLBI: The VLBA will give the highest resolution images of any astronomical instrument, and further
improvement can be obtained only by going into space. Recent experiments using the TDRSS satellite have
demonstrated the feasibility and power of space VLBI. Space VLBI was among the 1982 Astronomy Survey
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Committee recommendations for "moderate new programs,” but NASA has been slow to participate in any of
the space VLBI missions planned for the 1990’s.

The International VLBI Satellite (IVS) is being discussed by European, Soviet, Japanese, and U.S. radio
astronomers for a possible launch near the end of the decade. IVS will include a 25-meter class antenna working
to wavelengths as short as 3 mm located in high Earth orbit at altitudes between 20,000 and 150,000 km. IVS
will provide an order of magnitude or more improvement in sensitivity and image resolution over the Japanese
and Soviet missions planned for the mid 1990’s. It will also be capable of sensitive, single aperture, spectroscopic
observations of molecular oxygen in the 60 GHz band from above the earth’s atmosphere, which is opaque at
this frequency. Knowledge of molecular oxygen abundance, which is very uncertain, is important to
understanding the chemical and dynamical evolution of molecular clouds.

IVS is being planned as an international facility which will include the participation of ground-based radio
telescopes throughout the world. The current baseline for the study contains an ESA antenna and a Soviet
service module and Energia launch vehicle. Other variants are possible which include a substantial US
involvement, for example, a U.S. service module and part of the experimental package. The Radio Astronomy
Panel considers space VLBI to be the highest priority project for radio astronomy from space during the 1990’s,
and it is important that the US take an active role in the early planning and mission definition studies for an
international VLBI satellite.

Small-Scale Projecis

The Panel recognizes the need for a continuing level of support for small-scale programs that can react
to the rapidly changing developments in radio astronomy. We describe below several important areas
which we are able to identify at this time. We do not prioritize these small-scale initiatives because we
fully expect that new meritorious ideas will arise on a time scale less than that of the next decade review,
and that the selection of specific programs should depend on normal agency review and the nature of
funding opportunities as they arise.

Large Southern Radio Telescope: Many important research programs require the highest attainable
instantaneous sensitivity, and thus the largest possible collecting area. All of the biggest radio telescopes in the
world are located in the northern hemisphere. The construction of a large aperture radio telescope in the
southern hemisphere will give a powerful new capability for research in the southern skies, including atmospheric
studies, access to solar system objects invisible from the north, the galactic center region, the Magellanic Clouds
and the southern extragalactic sky. The recent design and construction of Gregorian subreflector systems,
conducted as part of the project for upgrading the Arecibo telescope, show the great potential of modern
applications of spherical antenna technology for achieving very large collecting area.

The proposed LSRT will work at short centimeter wavelengths and will have a collecting area comparable
to that of the upgraded Arecibo telescope. A novel feed arrangement will give a wide declination range covering
most of the southern sky. It is expected that the LSRT will be built and operated in Brazil by an international
consortium, at a total cost of about $100 M and a cost to the United States about $10 M.

Cosmic Background Imager: The cosmic background radiation is perhaps the most important tool of
observational cosmology. On angular scales greater than a few degrees, the background radiation reflects directly
conditions in the early Universe at an age of only one hundred thousand years. On smaller angular scales, it may
be distorted, both spatially and spectrally, by various processes connected with gravitational collapse and the
formation of galaxies and other large-scale structures. Upper limits on the anisotropy are now at a level of a
few parts in a hundred thousand. If anisotropies are not found at a level of a few parts in a million, then our
basic understanding of the early Universe may need to be fundamentally revised.

Recent technological advances in the design of reliable low-noise bolometers and heterodyne receivers
suggest that it is possible to reach the required levels of sensitivity with radio telescope systems especially
designed for this problem. One possible approach is to use an array of about 50 horn antennas to eliminate the
confusing effects of ground and atmospheric radiation. Another option is to use an array of bolometers located
in the focal plane of a millimeter radio telescope. Such instruments will also be powerful tools for accurately
measuring the microwave decrement due to the Sunyaev-Zeldovich effect. When combined with accurate X-ray
data, these measurements will yield an entirely independent determination of the Hubble constant and the size
and age of the Universe.

RADIOASTRON and VSOP: The USSR and Japan are each planning to launch VLBI satellites in the mid
1990’s. U.S. scientists have been involved from the start in defining these missions, and many Eastern and
Western European countrics, Australia, and Canada are participating in various ways in their implementation.
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In order to exploit the unique opportunitics made possible by these foreign space VLBI missions, as well as to
develop the necessary skills and expertise needed to plan for a future U.S. space VLBI mission, the Radio
Astronomy Panel recommends that the large U.S. ground-based radio telescopes be made available as elements
of the Earth-Space interferometer, that VLBA compatible recorders be supplied at Soviet and U.S. ground
stations used to receive data from the space element, that U.S. radio telescopes be equipped to provide local
oscillator and data links to the foreign spacecraft, and that U.S. scientists participate fully in developing and
carrying out the VSOP and RADIOASTRON scientific programs.

The overall level of support for space VLBI in the next decade is expected to be about half a billion dollars,
primarily in Japan and the USSR. Although VLBI techniques were developed in this country, and the only
successful space VLBI experiments so far have been done with an U.S. satellite, there is no planned U.S. space
VLBI mission. Fortunately, U.S. astronomers can fully share in the scientific returns of the Japanese and Soviet
missions with a relatively small financial investment. Since the U.S. will have no involvement in the design,
construction, or launch of any space hardware or in mission management, the Panel suggests that U.S.
participation be handled through conventional grants to the participating scientists rather than administered as
a NASA project.

Search for Extraterrestrial Intelligence: The Search for Extraterrestrial Intelligence (SETI) will be an exciting
intellectual and technical challenge for the next decade. A successful "contact” would be one of the greatest
events in the history of mankind. We are the first generation that could realistically succeed, and there is great
public interest in SETI. The major issue is the appropriate level of resources to devote to SETI and how these
resources should be divided between a large centrally managed program and the more traditional university-
based research efforts. SETI is not part of radio astronomy, but the tools of radio astronomy are used for SETI,
and radio astronomers have pioneered the development of observational SETI programs.

NASA has initiated the Microwave Observing Project which will begin searching in 1992 and last until the
end of the decade. The MOP will expand the volume of parameter space investigated (direction, frequency,
polarization, sensitivity) by many orders of magnitude over what has been done in the past. The search consists
of two complementary strategies: the Sky Survey which will use 34 meter DSN antennas to scan the entire sky
between 1 and 10 GHz, and the Targeted Search using the world’s largest radio telescopes to examine about 800
nearby solar-type stars between 1 and 3 GHz. The Microwave Observing Project will be the first truly systematic
SETI exploration of the microwave region of the spectrum and will cost about $100 M over the rest of the
decade.

The Radio Astronomy Panel recommends the establishment of a university-based SETI research program
to develop new ideas and architectures for signal processing algorithms and processors, to develop search
strategies, to implement innovative new hardware, and to establish search programs complementary to the NASA
Microwave Observing Project. The proposed new program would provide a medium for the exchange of new
techniques and hardware and the training of students in advanced signal processing techniques, as well as a
means to pursue a viable observational program. Present levels of support to the scientific community are of
the order of $100 K per year, which is inadequate to sustain a productive effort. The Panel recommends that
university-based SETI research be supported at an annual level of about $500 K which would be adequate to
support one or two independent research groups, each with four or five undergraduate, graduate, and post-
doctoral researchers.

Solar Radio Astronomy: The VLA, Arecibo, and the proposed Millimeter Array are powerful instruments for
solar research, but the existing instruments lack frequency agility. The Panel recommends that consideration be
given to equipping the VLA and Arecibo Telescopes with frequency agile receivers and feeds. Opening up the
full radio spectrum will provide powerful diagnostic information, not only for the sun, but for a wide variety of
stellar, galactic, and extragalactic objects as well. The Panel also endorses the planned extension of the solar-
dedicated, frequency-agile array at the Owens Valley Radio Observatory.

Fast All Sky Radio Telescope: FAST is a proposed array of twenty 3-meter antennas which will monitor most
of the sky at centimeter wavelengths with an rms sensitivity of 10 mJy in one or two days. It will be used to
study time variability in compact active galactic and extragalactic radio sources. FAST will be the only high-
resolution, all-sky monitoring instrument available in any spectral band.
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Continuing Activities and Projects Already Underway
Facility Operation and Maintenance, Upgrading of Telescopes and Instrumentation

NSF support for radio astronomy has been inadequate for the operation, maintenance, and upgrading of
the national and university-operated radio observatories and for the modernization of instrumentation and
computing resources at these facilities. Of particular concern is the deteriorating state of the VLA, the
inadequate support for millimeter and sub-millimeter astronomy, and the need for modern computing facilities.

By far the most powerful and most productive radio telescope in the world is the VLA with its extraordinary
speed, sensitivity, resolution, and image quality. Since there have not been adequate funds for even the most
basic maintenance, the railroad track, power distribution system, antenna structures, and other aspects of the
physical plant are deteriorating. Much of the instrumentation of the VLA uses 15-20 year old technology because
there has not been the refurbishment and upgrading at the level appropriate to a scientific instrument of this size,
sophistication, and productivity.

The operation and maintenance of the VLA needs to be brought to a level appropriate to its broad
scientific impact and great capital investment, and the seriously out of date instrumentation needs to be
replaced with modern low-noise radiometers, fiber optic transmission lines, and a modern broad band
correlator. These upgrades will improve the sensitivity by up to an order of magnitude, improve the
frequency coverage and spectral resolution, and increase the maximum allowable image size.

As a result of the years of inadequate support, it will now cost about $40 M to incorporate these badly
needed modernizations. This is comparable in cost to the moderate sized ground-based projects being
considered by the Survey Committee. However, spread over eight years, it represents a level of investment
corresponding to two to three percent per year of the replacement cost of the VLA/VLBA. Routine
maintenance and modernization programs of this type and at this level would normally not be included in a
discussion of major new facilitics, but the situation has become critical and has risen to a high level of visibility
because of the nearly complete absence of funds for this purpose since the completion of the VLA about a
decade ago.

In many respects the VLA dramatically exceeds its performance at the beginning of the previous decade.
The speed is faster by a factor of two, image size is larger by a factor of four, the maximum dynamic range has
been improved by a factor of 50, the number of spectral line channels has been increased from 8 to 512, and
mosaic images larger than the primary beam of the antenna are now being made. These scientifically important
gains in performance have come as a result of powerful new algorithms but at the cost of greatly increased
computing requirements. As a result, the computing situation for the VLA has been critical for some years, and
many excellent scientific programs are not done because of inadequate computing facilities. The power of the
VLA system, the complexity of modern data reduction algorithms, and the need to annually support more than
six hundred users now overwhelms the available computing capacity at the NRAO and elsewhere. Full
exploitation of the power of the VLA and VLBA will require new hardware and software that can be readily
shared between the arrays and their user sites, the installation of small supercomputers and imaging workstations
at the VLA/VLBA operations center and in university laboratories, and the establishment of effective interfaces
to the large supercomputer centers for the most CPU-intensive data.

The Panel also recognizes the exciting opportunities available during the 1990’s for research at millimeter
and sub-millimeter wavelengths made possible by recent developments in technology in this newly opened region
of the radio spectrum, the need to aggressively develop the technology necessary for future instrumentation at
millimeter and sub-millimeter wavelengths, and the need to maintain and expand the pool of skilled millimeter
wavelength scientists. The upgraded Haystack radio telescope and the new Green Bank Telescope will provide
powerful new opportunities at longer millimeter wavelengths, while the Caltech and MPI-Arizona sub-millimeter
telescopes will continue to have unique capabilities, even after the completion of the MMA.

The existing millimeter and sub-millimeter radio telescopes and especially the millimeter wavelength
interferometers need to be extended and enhanced, instrumentation based on the most advanced
technology needs to be developed for these facilities, adequate support given for their operation, and
additional resources made available to make these instruments accessible to a broad group of scientists
independent of their institutional affiliation.

[IRL.TIN
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Projects Already Underway:

At the beginning of the 1990’s, five major radio astronomy projects are already underway. The timely
completion of these instruments and provision for adequate funds for their operation will give tremendous
improvements in the angular resolution, sensitivity, and frequency coverage over now existing radio telescopes,
and will ensure the vitality of U.S. radio astronomy during the decade of the 1990’s.

Very Long Baseline Array: The VLBA is a major new aperture-synthesis user facility in the form of a 10-
element transcontinental array capable of imaging at the sub-milliarcsecond level. Construction of the VLBA
received the highest priority for major new ground-based instruments in the 1982 Astronomy Survey Committee,
and the project received initial funding in 1984. Annual funding at a much lower level than originally planned
has extended the construction time from four years to nearly a decade. The first several antennas in the array
are complete. Additional elements will be completed at a rate of two to three per year, but may not be fully
utilized due to limited operating funds. The expected completion date for the full array is now 1992, five years
later than originally planned.

Arecibo Upgrade: The Arecibo 1000-foot radio telescope has by far the largest collecting area of any centimeter
wavelength facility in the world. Major improvements now in progress will provide significant enhancement of
nearly all capabilities of the telescope for radio and radar astronomy and for atmospheric research. At present
the spherical aberration of the telescope’s primary mirror is corrected by using line feeds with inherently narrow
bandwidths. Ingenious ideas behind a broad-band Gregorian feed system for Arecibo were first discussed a
decade ago. Many details of a practical design were worked out over the next few years, and the concept was
proven with detailed physical-optics computer modelling. A scaled-down "mini-Gregorian® feed system was put
into operation in 1989. Tests have shown that this system efficiently illuminates a 350-foot portion of the Arecibo
reflector and behaves in every way as expected. Funding for the full upgrading project, which will improve the
sensitivity by a factor of 3 to 40 and will be cost-shared between NSF and NASA. Completion is expected in
1993. The enhanced telescope will have continuous frequency coverage between 0.3 and 8 GHz, with
unprecedented instantaneous sensitivity.

Green Bank Telescope: The construction of a large, fully steerable, filled aperture radio telescope has been
endorsed by essentially every review of the needs of U.S. radio astronomy. The 1982 Astronomy Survey
Committee Radio Panel recommended an instrument in the 100-meter class which would work to wavelengths
at least as short as one centimeter as an important priority for the 1980’s. Following the collapse of the
Green Bank 300-foot antenna in late 1988, NRAO accelerated its design study for a fully steerable, filled
aperture instrument. The GBT is being designed with a novel “clear aperture” feed support system to reduce
the effect of unwanted signals and active optics to permit usec at wavelengths at least as short as 7 mm and
possibly to even shorter wavelengths. A special congressional appropriation made funds available to NSF for
the construction of the GBT, which is expected to be in operation by 1995.

The-Submillimeter Telescope (SMT): The University of Arizona Steward Observatory, and the Max Planck
Institut fur Radioastronomie, FRG, are constructing a 10 meter diameter precision radio telescope to be located
at an altitude of 3180 meters (10,425 ft) on Mt. Graham 75 miles northeast of Tucson. The SMT will use
carbon-fiber-reinforced-plastic to achieve an overall surface accuracy of 15 microns. When completed in 1992,
it will be the largest telescope with good performance at wavelengths as short as 350 microns. Funds for the
construction and operation of the SMT are being provided primarily from the MPIfR and the University of
Arizona,

Sub-Millimeter Wavelength Array: The Smithsonian Astrophysical Observatory is building the world’s first sub-
millimeter array, which will consist of at least six antennas, each six meters in diameter, operating primarily at
wavelengths between 0.3 and 1.4 mm. The array will image the continuum and spectral-line emission from
protostars, galactic nuclei, and solar system objects with an angular resolution in the range 0.1 to 10 arcseconds.
The rms sensitivity at 0.3 mm wavelength (the shortest and most difficult operating band) for an integration time
of 8 hours, velocity resolution of 1 km/sec, and angular resolution of 1 arcsecond is expected to be about 4 K.
The sensitivity to continuum emission for the same integration time will be about 80 mlJy.

Sub-millimeter observations are particularly sensitive to thermal emission from gas and dust, with
temperatures in the range 10 K to 100 K. The powerful combination of high angular and spectral resolution
spectroscopy offers the prospect of detecting and studying the gravitational motions in the gas around forming
stars, the structure and motions of protostellar disks, and molecular outflows. The array will also be unique in
its high-resolution imaging of neutral carbon lines at 0.37 and 0.61 mm wavelength. These lines, which have no
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millimeter wavelength components, can reveal physical conditions extremely close to a hot star where molecular
lines are absent due to photodissociation. Emission from carbon and excited carbon monoxide lines will provide
new tools to probe the spiral structure of galaxies. Sub-millimeter measurements of quasars and AGN’s will help
to distinguish radiation mechanisms of radio-quiet and radio-loud objects. Molecular line observations of planets
and satellites will give new understanding of planetary chemistry and weather.

Design and development of the Sub-Millimeter Array has been in progress since 1987. Sites on Mauna Kea
and Mount Graham are being evaluated. The current schedule calls for completion of the array by 1996. Funds
for the construction and operation are coming from the Smithsonian Institution. The array will be available to
all qualified scientists based on peer-reviewed proposals.

Long Range Programs and Technology Developments

Radio astronomy has historically advanced as technology was developed for measurements at shorter
wavelengths, with more resolution, or with higher sensitivity. Our present frontier for new wavelengths is in the
sub-millimeter, moving toward the far infrared. Quantum noise will stop this progression at about ten microns.
Although radio astronomy is well developed at wavelengths longer than one millimeter, we expect significant
advances at all wavelengths in the next decade— — - '

At centimeter and longer wavelengths, the best receivers are either approaching the quantum noise limit
or are so good that other sources of noise in the system will make the increase in sensitivity from further gains
small. Cooled HEMT amplifiers will probably be the dominant type of receiver, and they allow much larger
bandwidths than are commonly used now. Higher performance electronics for backends will make it possible
to use these increased bandwidths to improve the sensitivity for continuum observations.” =

Even though improvements in individual receivers will not be large, the potential improvement in speed from
multiple receivers in focal plane arrays increases directly with the number of receivers. Inexpensive, small
HEMT amplifiers, possibly integrated in arrays, combined with less expensive backends will make multifeed
systems practical. The first focal plane arrays have used multiple conventional feed horns, and therefore have
a spacing of several beamwidths between beams. This approach is applicable to large area images, but
overlapping beams which fully sample the focal plane also seem possible.

Although receiver technology at millimeter wavelengths approaches the quantum noise limit, there is much
room for improvement. SIS receivers come within a factor of five of the quantum limit, but further development
will be needed to achieve this level of performance over the whole millimeter and sub-millimeter band. Niobium
junctions work well at wavelengths down to at least 1 mm, but higher temperature superconducting material such
as niobium nitride will be better at shorter wavelengths. Better refrigerators are needed to make these receivers
reliable and inexpensive to operate. Bolometers will be the radiometers of choice for single aperture continuum
observations.

The most significant recent advances in antennas are seen in the design of the GBT which will have an
unblocked aperture made possible with the use of modern structural analysis. The unblocked aperture will result
in low ground pickup which will significantly reduce the system temperatures at lower frequencies and low side
lobes which will allow more accurate measurements of the distribution of galactic neutral hydrogen. The GBT
will also have surface panels accurate enough for millimeter wavelengths and remotely controllable adjustments
for the panels. If suitable metrology can be developed for active surface control, operation at 2.6 mm wavelength
will be possible in favorable weather.

Composite materials made of carbon-fiber reinforced plastic have revolutionized the design of sub-millimeter
antennas. Inexpensive ways of fabricating accurate aluminum panels have also been developed, so that at
millimeter wavelengths a cost-performance tradeoff must be made. The use of active surface control may allow
building a very large antenna for millimeter wave operation. For much of the sub-millimeter band, operation
above the earth’s atmosphere is necessary—in an airplane, on a balloon, or in space.

Advanced Computing Facilities: The capability of computers continues to rapidly grow and their cost continues
to fall. Evolving standards reduce the difficulty of sharing software, and the growth of networking will allow rapid
access to images, easier exchanges with collaborators, and much more effective remote observing. New types
of software will make searching for images and access to information from remote sites, easier and observatory
operation more automatic. In the 1990, radio astronomers will depend more than ever on high-performance
computers to realize the full capabilities of their telescopes. This is especially true in planetary radar studies,
pulsar research, and synthesis imaging where computers provide the "adaptive optics” needed to form correct
images in the presence of corrupting effects of the earth’s atmosphere. During the past decade, the computing
needs of radio astronomical imaging have grown due to the large data volumes from array telescopes and from
single-dish array feeds when used for spectroscopy. Moreover, the data processing required to extract all of the
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information from arriving signals in the presence of atmospheric and instrumental fluctuations are highly
CPU-intensive, and fast response is essential for many applications.

Progress in radio astronomy will depend as critically on fast, high-data-volume interactive computing as
much as it will on low-noise electronics or advanced antenna design. In order to exploit the full scientific
potential of the country’s substantial investment in radio telescopes, and to remain competitive with the modern
computing systems being found increasingly in other countries, it is important to make a wide range of advanced
computing systems available at our national observatories and in our university laboratories.

The computing power that is best suited to analyzing different types of interferometer observations spans
an cnormous range. The simplest VLA and VLBA continuum projects can be processed using inexpensive
workstations, but most VLA projects are best handled by machines with the interactivity and performance
provided by "small supercomputers" or high performance workstations. Some spectroscopy and wide-field
imaging projects still require the largest supercomputers available. No one location, or even type of location
(observatory, university department, or computer center), is appropriate for all VLA, VLBA, and millimeter
interferometer data reduction. The wide bandwidths expected on the national computer network in the 1990’s
will make it easier for resources such as software, data bases and computing cycles to be shared between the
arrays and their user community. This will exploit the unique merits of workstations, small supercomputers, and
large supercomputers to use each efficiently for different types of VLA, VLBA, and millimeter interferometer
data processing.

Meter Wavelength Astronomy: Although radio astronomy began at meter wavelengths, the scientific potential
of the long wavelength bands has barely been tapped, largely because of the difficulty in obtaining adequate
resolution and the distortions introduced by the earth’s ionosphere. Improved resolution is needed at meter and
decameter wavelengths to study the galactic non-thermal radio emission, the distribution of diffuse ionized gas
in the Galaxy, the galactic halo, the interstellar plasma via the scattering and refraction of extragalactic sources,
pulsar emission, "fossil" radio sources due to long lived synchrotron processes in galactic supernovae, radio
galaxies and quasars, and non-thermal emission from the Sun and the planets.

In spite of these exciting scientific opportunities, for the past two or three decades meter wavelength radio
astronomy has been outside the mainstream of astronomical research. Much more effort has focused on
centimeter and millimeter wavelength research where it is easier to exploit technological advances to obtain good
sensitivity and resolution. For a number of reasons, the situation is now changing. We now have a reasonable
understanding of how to correct for propagation irregularities in the ionosphere, digital VLSI and modern
computers make large array mapping techniques feasible, interference rejection techniques are beginning to be
effective, and transmission of data over many kilometers is now cheaper and more reliable than in the past.

A 4-m wavelength receiving system is being developed for the VLA, and is expected to be in operation in
time for the next sunspot minimum in the mid 1990’s. But it is important to also begin now to develop
techniques and prototypes for an array operating at even longer wavelengths, with a collecting area greater than
10° square meters and a resolution better than 10 arcseconds for both continuum and spectral line work. This
can be done with a combination of university and national observatory collaboration, which will foster university
development of techniques and the training of the next generation of telescope builders at the graduate and
postdoctoral level.

In order to better image the wide range of phenomena that are observed at long radio wavelengths,
resolutions need to be improved so that they are comparable with that of the VLA at centimeter wavelengths.
This will mean establishing a program of space radio astrophysics during the next decade leading to the
establishment of a Low Frequency Space Array, a free-flying hectometer wavelength synthesis array for high
resolution imaging operating below the ionospheric cutoff frequency.

Lunar Opportunities: The Panel recognizes that over the next few decades national goals may lead to extensive
exploration and colonization of the lunar surface. This may create exciting opportunities to build radio telescopes
of very large dimensions. From the lunar surface it will be possible to observe at very low frequencies where
the terrestrial ionosphere introduces increasing distortions as well as at very high frequencies where the earth’s
atmosphere becomes opaque. The far side of the moon, which is protected from man-made interference, is a
particularly attractive site for low frequency radio astronomy. A particularly important use of the lunar far side
will be as a base for interference-free SETI observations. We note with distress, however, that lunar orbiters
and human activities, including radio astronomy research, on the far side of the moon, could generate their own
RFI from telecommunication and computing devices. International agreements must be adopted in this decade
to protect the far side of the moon for scientific research.

Lunar-based radio astronomy will be very expensive by normal standards, and probably cannot be justified
during the next few decades in comparison with ground-based requirements. But if the country is committed
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to a major presence on the moon for other reasons, then there will be exciting opportunities to do radio
astronomy, first on the near side and later from the far side, that would otherwise not be possible.

Sub-Millimeter Astronomy from Space: The Large Deployable Reflector, a future space telescope for sub-
millimeter and far infrared wavelengths, is being discussed by NASA which is supporting the development of
reflector and detector technology. In order to successfully complete this innovative and difficult project, NASA
will require access to the most advanced technology in the world. Many of the necessary developments are in
progress in university and other non-NASA national laboratories around the country. The Radio Astronomy
Panel urges NASA to support work in these laboratories both for the benefit of the LDR program and for the
spin-off benefit to ground-based millimeter and sub-millimeter radio astronomy. The Panel also recognizes the
need for the Sub-Millimeter Moderate Mission (SMMM) for an initial high resolution spectroscopic exploration
of the full submillimeter band of star-formation regions and distant galaxies as a precursor to LDR.

Radio Astronomy in Antarctica: Due to the high altitude, extreme cold weather, and low water vapor content
of the atmosphere, the Antarctic Plateau may be the best site on Earth for astronomical observations at infrared,
sub-millimeter, and millimeter wavelengths. The Antarctic Sub-millimeter Telescope and Remote Observatory,
(ASTRO), a consortium of AT&T Bell Laboratories, Boston University, and the University of Illinois, is
scheduled to start operating a 1.7 m telescope at the South Pole toward the end of 1992. A larger consortium
has proposed to establish a major Center for Astrophysical Research in Antarctica (CARA) which would
ultimately include ASTRO, infrared telescopes; an experiment to measure the Cosmic Background Radiation
anisotropy; and an advanced telescope project to develop detailed plans for a permanent observatory having
several instruments, possibly including a 10-30 m sub-millimeter telescope. Scientific programs will include key
problems in cosmology, star formation, and the physics and chemistry of the interstellar medium.

Signal Processing: Pulsar signals are highly dispersed, rapidly time variable, and strongly modulated in
frequency. In some instances, these effects are a nuisance to be removed, or averaged; in others, they are the
object of investigation. In all cases sophisticated signal processing must be done either in hardware or in
software, or both. Special signal processors based on filter banks and autocorrelators have been developed over
the years to carry out these investigations. There is a continuing need for such devices that operate with faster
sampling rates, with more frequency resolution, and wider bandwidths. Such a processor can also serve the needs
of spectroscopy, particularly dynamic spectroscopy of radio stars, and radar. Interface to a high-speed,
high-volume recording medium is critical for pulsar searching.

At radio frequencies below about 1 GHz, dispersion is best removed by coherent techniques. Pulsar
dispersions often exceed the chirp rates used in radar, so the commercial devices for de-chirping are not
adequate for the pulsar task. Special construction efforts using, for example, VLSI techniques may provide a
solution to this need. Pulsar searching can also be done by real-time signal processing since the data acquisition
and analysis tasks are easily divided between microprocessors in a parallel or pipelined architecture.

VLBI Recording and Data Transfer: VLBI observations are limited in sensitivity by the capacity of the recording
medium. Since the early 1970’s commercial television tape recorders have been used for VLBI, and during the
past decade inexpensive and reliable consumer type video-cassette-recorders (VCR’s) have come into widespread
use. The VCR-based system is cheap, flexible, and easily available, but the bandwidth is restricted to a few
megahertz, or about two orders of magnitude less than that of the VLA at present. A broadband VLBI
recording system for geodetic studies based on a commercial instrumentation recorder has been developed by
the Haystack Observatory with NASA support and will be used with modifications for the VLBA. But the VLBA
recording system is expensive and the bandwidth still limited to about 100 MHz. A competitive system has been
developed by the Sony Corporation for use with the Japanese space VLBI mission, but has the same limitations
as the VLBA system.

The bandwidth of the VLBA recording system can be improved by adding additional headstacks to the
existing tape transports, but this will further increase the costs of construction and operation. Ultimately, fiber
optics or satellites will be used to provide real time links, thus obviating the need for cumbersome transport and
handling of tapes, but this must await the commercial installation of national and international broad-band data
links. For the foreseeable future, VLBI will depend on physically transporting the recorded data to the
correlator, and it will be important to develop new recording techniques to allow high density, broad bandwidth
recordings that are both reliable and cost effective.

Radio Frequency Interference: Celestial radio signals are extraordinarily weak, often less than one hundredth
of one percent of the internal receiver noise. As a result of the rapid growth in use of the radio spectrum,
particularly from space and airborne transmitters as well as the dramatic increase in receiver sensitivity over the
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past decade, radio astronomy observations are increasingly affected by interference. The protection of radio
astronomy from man-made interference requires thoughtful spectrum management, careful observatory site
selection, continued efforts toward site protection from internal as well as external sources of interference, and
the development of techniques for reducing or eliminating the effects of interference from the received signals.
Optimum sharing of the radio spectrum with other services will require the participation of active radio
astronomers in the regulatory and coordinating bodies such as the National Academy of Science Committee on
Radio Frequencies. Because of the extreme sensitivity of radio astronomy receivers, it is often difficult to
document specific sources of radio frequency interference. Special RFI search and monitoring stations, including
at least one mobile station, should be established for this purpose. It is also important that radio astronomers
use the most advanced technology available in order to best coexist with other users of the radio spectrum.

Social, Political, and Organizational Considerations
Intemational Opportunities

Modern observational astronomy has become so complex that no country can expect to have state-of-the
art instruments covering all parts of the spectrum and satisfying the needs of all types of observational programs.
International collaborations present a wider variety of opportunities to individual scientists, permit the
achievement of scientific objectives which may require a specific geographic location, provide an important forum
for the interchange of ideas among people of different backgrounds and cultures on subjects that transcend
scientific considerations, and may contribute to scientific and educational growth in developing countries.

The Radio Astronomy Panel recognizes the potential opportunities resulting from interational
collaborations to develop major new radio telescopes that would not otherwise be feasible. The Panel
encourages, where possible, that observing time on major facilities throughout the world be available on
the basis of competitive proposals without regard to institutional or national affiliation.

Perhaps the most straightforward form of international collaboration, and one involving a minimum of
bureaucratic overhead, is the use of telescopes by visiting scientists from other countries. This not only provides
observing opportunities that are otherwise not possible, but stimulates the exchange of scientific and technical
ideas from which everyone learns and profits. Many research programs involve extensive and repeated observing
sessions, as well as continued contact with colleagues having special technical or scientific expertise. These
programs may be difficult to carry out by means of short observing trips, but will require extended periods of
collaboration.

The VLA and VLBA, the upgraded Arecibo telescope, and the GBT will provide powerful observing
opportunities for American radio astronomers at centimeter wavelengths. However, until the completion of the
MMA, the Japanese and French-German IRAM millimeter wavelength facilities are likely to remain unmatched
in this country. It has been the practice in the United States that observing time on radio telescopes at our
national observatories and other major facilities be awarded without regard to nationality or country of residence,
and the Panel recognizes the important role that this policy has played in maintaining the vitality of U.S. radio
astronomy. It is hoped that the managements of foreign radio observatories will make the same opportunities
available to U.S. radio astronomers, and that adequate funds be provided particularly to young scientists, to
exploit these opportunities.

With the decreasing levels of worldwide tensions, the opportunity for international collaborations in the
construction and operation of unique radio telescopes will become increasingly important. Careful attention will
be needed to balance the opportunities for intellectual interaction and the savings in costs to individual countries
with the bureaucratic and fiscal overhead that is not uncommon to large international projects. In developing
plans for international cooperative projects, it will be important to minimize administrative constraints such as
formulas for the distribution of observing time, for financial expenditures, for siting, or for the allocation of staff
and management positions which are based on national affiliations rather than merit.

Very Long Baseline Interferometry: Radio astronomy has had a long and fruitful record of international
collaborations such as the worldwide program in VLBI. The international cooperation in VLBI works because
the science requires it. Moreover, since each country spends its money largely in its own country, complex
spending formulae have not been a constraint. A number of major new VLBI facilities have been and are being
built throughout the world as national efforts, but as part of the growing intemational VLBI network.

As a result of informal arrangements made by the scientists and observatories involved, any individual
anywhere in the world can have simultaneous access to as many as twenty of the world’s major radio telescopes
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located in more than a dozen countries, including the USSR and China. This is done by submitting a single,
simple proposal to one of several VLBI consortia, which will arrange for the observing time, the shipping of
magnetic tapes across international boundaries and, often, even for the correlation of the tapes in one of several
processing facilitics operated in the United States and Europe. Image construction and analysis is done using
common software which has been developed by a dedicated group of scientists working at a variety of institutions
around the world, who have frequently migrated among the active VLBI observatories and who have freely
exchanged the results of their labors. Logistical and technical coordination is handled primarily by the scientists
involved with a minimum of administration from the managements of the observatories, and none from
government administrators. The system works well, and the scientific results have been spectacular. But, during
the next decade, major international collaborations involving national and commercial agreements will be
established for space VLBI facilities such as Radioastron, VSOP, and IVS.

Most radio telescopes being used for VLBI are located in the northern hemisphere and give poor image
quality for sources at low and southern declinations. A VLBI element located in South America is needed to
complement the northern hemisphere VLBI networks and the VLBA, The optimum location is close to the
equator in the western part of the continent, and several South American radio astronomy groups have expressed
interest in developing a southern hemisphere VLBI facility. It should be possible for them to construct a suitable
antenna from their own resources, but supporting instrumentation will be needed from the United States.

The Large Southern Hemisphere Radio Telescope: Due to the interdisciplinary and worldwide interest in the
construction of a large aperture facility that will meet the requirements of radio and radar astronomy as well as
atmospheric science, the funding and operation of a large southern hemisphere radio telescope is being discussed
by an international group of potential partners. Political and economic factors suggest a novel funding scheme
to tap resources, not normally available to the scientific community, to convert the existing foreign debt of the
host country into development, construction, and operating funds. The advantages to the consortium partners
include a unique scientific instrument available to the worldwide community, together with technology transfer
and debt reduction to the host country. Because of the interest of its scientific community, the geographical
location, and the economic and industrial capacity, Brazil is considered the most appropriate host country for
the LSRT.

Millimeter and Sub-Millimeter Astronomy: The joint Max Planck Institut - University of Arizona German built
sub-millimeter radio telescope to be located on a high mountain site in southern Arizona is expected to produce
one of the most powerful sub-millimeter facilities in the world. A new collaboration between Caltech and the
University of Toronto has been established to develop the expansion of the OVRO millimeter interferometer.
Mauna Kea in Hawaii has two sub-millimeter telescopes: the James Clerk Maxwell Telescope, (JCMT) operated
by the UK, Canada, and the Netherlands, and the Caltech Sub-millimeter Observatory located 150 meters away.
These two telescopes as well as the Smithsonian Sub-Millimeter Array may be used together for high resolution
interferometric observations of star-forming regions and nuclear regions of galaxies as well as other compact sub-
millimeter emission regions.

Balance Between the National Observatories and University Facilities:

Radio astronomy is an experimental science. Traditionally many of the most important discoveries were
made directly as a result of new instrumentation built by skilled and devoted experimentalists. Today, the wide
variety of astrophysical problems being studied by radio techniques requires both the national facilities that can
support a broad spectrum of users as well as smaller innovative research facilities in which technologies of the
future can be developed.

The Panel is concemed about the inadequate qpportunities at university operated facilities for the
development of new instrumentation, increasing pressures on the remaining facilities to operate more and
more in the mode of the large national user facilities, and the decreasing opportunities for the training of
scientists skilled in instrumentation.

The availability of powerful national research facilities to individual scientists has resulted in the proliferation
of small (one to three people) but viable radio astronomy groups in many university astronomy or physics
departments that do not have their own observing facility. At the national observatories and large university-
operated facilities, the instrumentation is often complex and at the state-of-the-art. The development of new
instrumentation for these telescopes is generally the responsibility of professional engineers with little
understanding of, or even interest in, the end use for astrophysical research. Nevertheless, the interested and
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capable scientist can exploit the tremendous technical resources at the national observatories and individually
contribute significantly to the development of advanced instrumentation and techniques.

At the university observatories, the instruments are often, but not always, smaller, less expensive, generally
more specialized, and have a smaller user base than those at the national centers. In principle, the university
facilities provide a qualitatively different research environment which encourages a more experimental approach
by talented researchers, including graduate students and postdoctoral fellows, who are highly motivated and have
few other duties to divert their attention and effort from research. With less pressure on the efficient use of
observing time, it is possible for an observer to modify a program or equipment in response to early results or
to try something new or different. In the event of failure, the experiment can be repeated as needed. The
environment is also ideal for long-term projects requiring repeatability, specialized equipment or techniques, or
unusual scheduling.

A consequence of the construction of major new research facilities at the national centers has been the
closing of smaller university instruments. Moreover, many of the traditional differences between the national
centers and the larger university-operated observatories are becoming less distinct. As operating funds have
become more restricted, the university groups are driven into alliances with other groups by forming small
consortia, they are encouraged to support visiting observers as a condition to funding, their scheduling procedures
become more formalized, and their operation assumes much of the flavor of large national observatories.

There is also increasing pressure for national radio observatories to expand their traditional role of operating
only expensive, unique instruments and to begin operating smaller observing facilities as well. The operation of
user friendly observing facilities is expensive, and the Panel believes it is not cost effective to provide extensive
user support to small or modest sized facilities. The long-term health of radio astronomy requires proper
balance between large unique facilities at the national centers and the smaller, but often also unique, facilities
where many important discoveries are being made, where innovative new techniques are being developed, and
where the next generation of observers and telescope builders is being trained.

Student Training: Most of the developers of new instruments and telescopes have received their training in
the universities and institutes which operate their own facilities. But, there are now only a few remaining
facilities involved in student training, The Panel is concerned about where the next generation of instrumentalists
will come from——the men and women who will design and develop new facilitics needed to maintain the
country’s preeminent position in radio astronomy.

The lack of suitable facilities for training technically oriented radio astronomers is exacerbated by a lack
of well-defined career paths for people more interested in building instruments than using them. Moreover, low
salary levels for needed professional technical support at our university and national center facilities have
contributed to the loss of key personnel that will be increasingly felt in future years. As a result, many of the
key positions in radio astronomy in this country are being filled by scientists trained in other countries. It is
important for the future of radio astronomy in this country that universities with plans and ideas for the
development of new telescopes, new techniques, or other new instrumentation be adequately supported, and that
the university observatories and national observatories recognize the contributions of instrumentalists as well as
users in their professional staffing and promotion policies.

Agency Funding and Management Policies:

The rapid growth of radio astronomy in the United States began in the late 1950’s with encouragement and
financial support primarily from the Office of Naval Research, the Air Force, and later from the National Science
Foundation. The field enjoyed substantial growth throughout the 1960’s and early 1970’s, but starting with the
adoption of the Mansfield Amendment in 1968, DoD funding for radio astronomy has greatly diminished and
the NSF has had to assume essentially all of the support for radio astronomy. The growth of radio astronomy
has continued in the 1980’s, as measured by construction of new radio telescopes, increased numbers of students
and active radio astronomers, the development of new and more powerful ancillary equipment and techniques,
and research activity in general. But NSF support for radio astronomy has not continued to grow, and in fact
has not even kept up with inflation. In terms of purchasing power, NSF funding of astronomy today is almost
identical to that in 1977. But the demands on those funds are very much greater today than they were in 1977.
Every institution and every individual that depends on the NSF for research support is affected by this. Itis a
major problem for all of astronomy.

Today, there are more people doing astronomy than ever before. New instruments have been built and put
into operation, university rescarch groups have increased in numbers and in size, and in numbers of students.
This growth is driven by many factors, including the general population growth, but especially the challenges and
excitement of the field; and it is appropriate that it should grow. How has this increased activity been sustained
at the same time NSF funding has been constant or declining? More than a dozen radio telescopes have been
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closed over the past two decades to make way for new ones; NASA has increased its astronomy grants; and there
has been some increase in state and private support of astronomy. All of these have helped a little, but basically
the constant NSF budget is being spread more thinly over an ever increasing number of people and activities.

Radio astronomy is particularly affected by the inadequate level of NSF support because it is essentially a
ground-based science and thus receives much less NASA support than other fields of astronomy. Moreover, the
mission-oriented nature of NASA support is not a substitute for the NSF supported activities which are based
on peer review without regard for the need to satisfy specific programs, missions, or national goals.

It is of course reasonable to close obsolete or ineffective facilities in favor of new ones. This has been and
will continue to be done, but it is not enough. If ground-based astronomy is to survive and flourish it needs both
a reasonable influx of capital investment in new telescopes and equipment, and an expansion of operating and
grant support at least consistent with the natural growth of the field. There is no reason why ground-based
astronomical research in the United States should shrink as a fraction of the total intellectual and cultural base,
nor should it shrink relative to world science and astronomy in general; but both of these are now happening,

Good science is a highly individualistic effort, and the administrative system should impose a minimum of
management or control beyond that necessary to assure reasonable accountability. The NSF has historically
supported individual scientists based on peer review of proposals and without regard to the need to satisfy
specific programs or missions. The NSF also supports major national facilities such as NRAO, NOAO, and
NAIC, but provides no scientific control or management, leaving this to the Observatory Directors, the managing
consortia, and their advisory committees.

NASA, by contrast, is heavily mission oriented with a tradition of strong program management. This may
be appropriate for major space missions where design, construction, and operation phases may last as long as
twenty years, and where a highly coordinated central management is needed. But, we are concerned that policies
which have been formulated to insure the success of expensive complex space missions are also applied by NASA
to the administration of scientists and science programs which are not directly related to the preparation and
operation of actual space missions.

The current disparity between the NASA and NSF budgets allows NASA to make important contributions
to ground-based astronomy that normally would be in the domain of the NSF. But we note that fundamentally
important areas of ground-based radio astronomy are being funded out of "small change" from other, essentially
unrelated large NASA space missions. This has led to striking anomalies in what gets done and what doesn’t
get done and to a possible distortion of priorities.

Due to the large difference between the scale of NASA and NSF funding, the dollars are driving the science
rather than the other way around. Individual scientists are increasingly submitting proposals to use space
facilities or proposals to access space data banks, because that is where the money is. Good science is done, but
this may create the illusion of greater demand on these facilitics, and in turn helps to gencrate even more
financial support for these activities. This may appear to be attractive in the short term, but may have long-term,
adverse implications for the progress of astronomy. It is driving scientists to pursue work related to NASA
missions and NASA money, or related to broader national or agency policies such as the establishment of a space
station, or a return to the moon, rather than where their scientific curiosity directs them. As a result, some
astronomers are being driven away from ground-based astronomy to space astronomy, and this may have
particularly serious consequences for radio astronomy.

The Panel is concermed about the deteriorating level of support for individual scientists and recommends
a restoration to earlier levels of the traditional NSF research grant support. Particular attention must be
paid to young scientists who are finding it increasingly difficult to break into the funding system.
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I. EXECUTIVE SUMMARY N x%@w

Infrared astronomy is on the threshold of a revolution. The decade of the 1990's presents an unparalleled
opportunity to address fundamental astrophysics issues through observations at infrared wavelengths (1 pm to 1000
um) made possible by enormous technological and scientific advances during the last decade. The formation of
galaxnes stars and plancts, the origin of quasars, and the nature of active galactic nuclei are among the key scientific
issues to be addressed by these observations.

-2

The major elements of the recommended program are:

THE SPACE INFRARED TELESCOPF FACILITY (SIRTF)

SIRTF is the single most important new astronomy project for the 19903 A cryogenically cooled space
observatory of 5 years lifetime, SIRTF will complete NASA's Great Observatories program by enabling
observations across the 3 um to 700 um region with a sensitivity gain of 2 to 4 orders of magnitude over all current
capabilities. SIRTF will redefine the state-of-the-art in infrared exploration of the universe.

THE STRATOSPHERIC OBSERVATORY FOR INFRARED ASTRONOMY (SOFIA) &
THE IR OPTIMIZED 8-M TELESCOPE (IRO)

SOFIA, a 2.5-m telescope system in a modified Boeing 747 aircraft, utilizes the @irborne environment to
observe free from most of the absorption by telluric water vapor.

IRO, anational 8-m telescope fully optimized for infrared observations, exploits the remarkably dry and stable
atmospheric conditions of the summit of Mauna Kea. —~

Together, SOFIA and TRO span the IR at high angular resolution with more than an order of magnitude increase
in sensitivity compared to current ambient temperature telescopes. SOFIA and IRO will complement SIRTF by
their ability to achieve higher spectral and spatial resolution, by their long lifetime, and by thdir ability 1o support
evolving instrumentation.

Other highlights of this report include:

A DETECTOR AND INSTRUMENTATION PROGRAM
A vigorous, broadly based IR array detector development, evaluation and implementation program to explou
the revolution in IR array technology and recent advances in adaptive optics.

THE SUBMILLIMETER MISSION (SMMM)

An Explorer-class space experiment to obtain an unbiased spectral line survey of the rich 100 um to 700 pm
region.
THE 2 uM ALL SKY SURVEY (2MASS)

An all-sky three-color survey in the 1 um to 2.5 um region, reachmg 50,000 times fainter than the existing two
micron sky survey. Key issues in the structure of the local universe and lhe Iarge scale structure of the Galaxy will
be addressed. - : .

A SOUND INFRASTRUCTURE
A strong base of support for laboratory and theoretical astrophysics, for the development of well trained
instrumentalists through airborne and ground-based observational programs and for archival data analysis programs.

TECHNOLOGY DEVELOPMENT PROGRAMS
An active technology program directed towards the further exploitation of the spacec environment for

far-IR/submm aeronomy, and a ground -based i 1magmg lmerferometry program leadmg to an optical/infrared VLA in
the next decade. ————
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II. PERSPECTIVE

How do stars and solar systems form? How does material synthesized in stellar cores enrich the interstellar
medium and alter the subsequent evolution of stars and planets? Why do new stars form at such a dramatic rate in
some galaxies? What produces the exotic behavior in the nucleus of our Galaxy, and is this activity related to the far
more powerful QSO phenomenon? What are the sources of cosmological background radiations? How and when
did the first stars and galaxies in the Universe form? From the sensitive probing of the first seeds of structure in the
Universe, to exploring the nature of the processes that shape star and planetary system formation, observations in the
IR address questions that form the basis for modem astrophysical inquiry.

Four physical principles underscore the critical role played by infrared observations in addressing these questions.

IR observations uniquely reveal cool states of matter.

The most common stars are cooler than the Sun, and emit much of their energy in the infrared. The Earth and
other planets, including those around other stars, emit most of their radiant energy in the IR. Star-forming regions
and massive interstellar clouds are cooler still, radiating essentially all their energy in the IR.

IR observations explore the hidden Universe.

Ubiquitous cosmic dust, an efficient absorber of optical and ultraviolet radiation, becomes increasingly
transparent in the IR, where it re-emits the bulk of its absorbed energy. This is dramatically illustrated in the
frontispiece. Our galaxy is transparent at mid-IR wavelengths, while optical radiation from the Galactic Center is
attenuated by a factor of about a thousand billion,

IR observations access a wealth of spectral features.

Spectral features of atoms, ions, and virtually all molecules and solids are located within the IR, These features
probe the conditions in celestial regions as diverse as the shocks in supernova remnants, obscured stars and the nuclei
of galaxies, the atmospheres of planets, the cold interiors of dark clouds, and the circumstellar disks which contain
the raw material of planets. The emitting material in these sources ranges from condensed forms of matter like ices
and silicates to highly ionized gases and from that most abundant of simple molecules, molecular hydrogen, to
highly complex hydrocarbons.

IR observations reach back to the early life of the cosmos.

The expansion of the universe inexorably shifts energy to longer wavelengths. The primeval fircball of high
energy gamma rays produced in the Big Bang now appears as 2.74K blackbody emission that peaks near 1000 pm.
Most of the energy emitted from stars, galaxies, and quasars since the beginning of time now lies in the infrared.
How and when the first objects in the universe formed will ultimately be determined by infrared observations.

These four principles make infrarcd observations crucial to the solution of the most pressing problems of modern
astrophysics. Technological advances during the 1980's revolutionized our ability to exploit the potential of the
infrared, while the scientific advances of the decade profoundly changed our view of the sky. Major highlights
included:

The successful deployment of crogenically-cooled telescopes in space.

The Infrared Astronomical Satellite (IRAS) and Cosmic Background Explorer (COBE) missions, developed as
part of NASA's Explorer program, achieved enormous gains in sensitivity through a million-fold reduction in the
level of background radiation using liquid-helium (LHe) cooled tclescopes and instruments which demonstrated the
fundamental technology required for exploiting the cnvironment outside the earth’s atmosphere.

The 1983 IRAS sky survey, a joint U.S./Netherlands/United Kingdom project, revealed for the first time the
richness and variety of the IR sky. It laid the foundation for major scientific advances, impacted all ficlds of
astrophysical research, and made IR observations accessible to the whole astronomical community; about 70% of the
TRAS data users are other than infrared astronomers.

IRAS discovered disks of particles orbiting nearby mature stars. These disks, first discovered by studying the
bright star Vega, appear closely related to the evolution of planetary systems, and may be debris of the planet
accumulation process. IRAS also discovered dust bands in our solar system that appear to be debris of asteroid
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collisions, a likely source of the bulk of the zodiacal dust grains. The IRAS observations of hidden clusters of
young stars and protostars in dark clouds throughout the Milky Way provided the first census of the luminous
stellar content in these stellar nurseries. IRAS discovered structured emission from interstellar grains (termed "IR
cirrus") that may be produced in part by large complex hydrocarbon molecules, a major new component of the
interstellar medium.

IRAS found IR-bright galaxies, galaxies emitting more than 99% of their luminosity in the IR, radiating 1000
times or more the energy output of the Milky Way. These galaxies are more numerous than QSQ's of the same
luminosity, and may represent an early stage of QSO evolution. Because of their relatively high space density, their
high luminosity, and their apparent link to systems undergoing collisions or mergers, uitra-luminous IR galaxies are
potentially powerful tracers of luminous matter out to the edge of the Universe.

COBE, launched in November 1989, is in the process of transforming our understanding of the early Universe
by collecting data on the infrared, submillimeter and microwave diffuse emission in space. Early in its life, COBE
demonstrated precise agreeement between the observed Cosmic Background Radiation and a 2.74K blackbody. This
result severely constrains models of the early Universe, and rules out a uniform hot intergalactic medium as the
source of the X-ray background. The COBE instruments will be remarkably sensitive probes of the important
processes in the early universe, and may reveal the first seeds of structure in the Universe and evidence of the epoch

f galaxy fi tion.
of galaxy formation ORIGINAL PAGE is

A million-fold improvement in the performance of IR detectors OF POOR QUALITY
The recent development in the US of =S e

large-format high-performance infrared sensitive
arrays promises to make both cryogenic and
ambient-temperature IR telescopes millions of
times more capable than their predecessors of a
few years ago. Each pixel of a modern IR array
is some 10 to 100 times more sensitive than
previous single detectors. Combined with the
increased format, the gain in "speed” can be 107
to 109, making possible qualitatively new
approaches 1o instrumentation design and use,
thereby enabling entirely new classes of
scientific investigations. In their infancy these
arrays have already been utilized to image a wide
range of environments, such as probing for stars
forming in the nearest clouds (Figure 1) and
searching the extragalactic sky for very distant
galaxies (cf. Figure 6). A few vyears ago,
the 2.2 um image in Figure 1 would have
required mapping with a single detector,
taking many nights to complete; only a few  Fig. 1. Tmages of the star formation region NGC2024; 0.7 um
minutes were required with a camerabasedon  (top) and 2.2 pm (bottom), revealing young embedded stars in the
modern IR array technology. IR. Courtesy of R. Probst, KPNO

Exploration of new phenomena through the flexibility of the airborne astronomy program.

IR observations from an altitude of 41,000 feet and above liberate us from many of the limitations imposed by
atmospheric absorption. For the past 15 years, NASA's Kuiper Airborne Observatory (KAO) has been a showcase
for the wealth of phenomena that can be observed from a mobile stratospheric platform. These include the discovery
of the torus of gas and dust around the Galactic Center, the first observation of the water molecule in comets, and the
first direct estimates of the masses of Fe, Co, and Ni in Supernova 1987A in the Large Magellanic Cloud.

The last decade has resulted in an explosion in the breadth and depth of our investigations of the infrared sky,
driven by the initial exploitation of infrared observations from the space environment and by advances in the
technical maturity of infrared detectors and associated instrumentation. Observational infrared astronomy is now
poised to revolutionize our understanding of the most fundamental questions of modem astronomy.



INFRARED PANEL -5

I1I. SCIENCE OPPORTUNITIES
A. THE ORIGIN OF GALAXIES

How did homogeneously distributed matter in the early universe condense into galaxies? To address this question
empirically we must observe the galaxy formation epoch, then trace the development of large scale structure in the
distribution of galaxies as a function of redshift. We must understand how individual galaxies relate to the processes
that explain these structures, and on a more local scale, we must fit the details of our own Galaxy into this
overview,

How do cosmic backgrounds relate to the large scale structure of the universe?

Results from the COBE mission will provide an initial opportunity to look for evidence of primordial galaxy
formation. The COBE all sky maps from 1 um to 1 cm will be the first step toward a determination of the true
cosmological background radiation. The best windows on the extragalactic universe are at 3 um to 4 um, between
the scattered and re-radiated components of the zodiacal dust, and at 200 pm to 500 um, between the thermal
emission from Galactic dust and the cosmic microwave background. These windows are the most promising in the
entire electromagnetic spectrum for the detection of radiation from primordial galaxy formation. Such radiation can
provide cosmological information even in the absence of observations of individual primordial galaxies.
Extragalactic infrared backgrounds can set important limits on the epoch and nature of galaxy formation as long as
known galaxies at lower redshifts are accurately subtracted. This requires accurate knowledge of all populations
contributing to the backgrounds. These populations will be accounted for by the infrared surveys of the 1990's.
Folding in the deep source counts of near-IR and mid-IR observations, combined with estimates of their
contributions in the far-IR should allow us to tell unambiguously if infrared background radiations arise from the
glow of the universe at the time galaxies first formed.

Infrared sky surveys in the 1990's will be essential to probe the distribution of matter in the nearby universe.
The near infrared is the optimum region to obtain a mass census of galaxies because infrared radiation is both
insensitive to the extinction within galaxies (including our own) and sensitive to the stellar component which
dominates the luminous mass. The "great attractor”, for example, is in a direction greatly affected by obscuration
from the Milky Way Galaxy. Any mass concentration there may be detectable only in the infrared. Infrared
observations will be the only way to detect cool, solid objects in galaxy halos. Systematic observations of galaxies
with old stellar populations and the deepest possible searches for faint matter are essential to understand the mass
distribution in large scale structures.

When did galaxies form?

Recent observations in the optical have established that the epoch of initial nucleosynthesis, star formation, and
galaxy formation is at a sufficiently high redshift that the initial formation epoch can only be observed in the
infrared, because the redshift must be greater than 5. Pushing back the limits on this formation epoch, or finding it,
is a major imperative for observational extragalactic astronomy.

A quasar is now known at a redshift of nearly 5. If a significant population of quasars exists much beyond this,
such a population cannot be measured without observations in the near infrared. Although quasars currently
represent the highest redshift objects observed, their relation to primordial galaxy formation is unknown because
their ultimate luminosity sources seem unrelated to stars. Direct evidence, or limits on the existence of galaxies
made of stars, is also an observational requirement before the formation of stars and galaxies in the early universe can
be understood. Determination of a redshift based on the bluest line, Lyman alpha, requires infrared spectroscopy for
redshifts greater than 7, while observations of the old stellar population require measurements at wavelengths of
about (1+z) um.

Such observations of old stellar populations in distant galaxies will set limits on the epoch of star formation in
the universe, but direct observation of the first generation of star formation is the ultimate goal. Depending on the
redshift of the formation epoch, near to mid-infrared observations will be required to detect the intrinsic ultraviolet
luminosity from hot, young stars. IR observations have already demonstrated that extensive star formation in local
galaxies is invariably accompanied by dust absorption at UV and optical wavelengths and re-emission in the IR. Is
this the case also at high redshift epochs? Will HST observations of young galaxies at great distances be affected by
dust attenuating the ultraviolet continuum?
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What energy sources power galaxies?

One of the most significant discoveries of the 1980's was that of ultra-luminous IR galaxies, systems in which
some process - perhaps starbursts or accretion by massive black holes - produces enormous infrared luminosities on
a scale previously identified only with quasars. IRAS survey results suggest that this energelic activity correlates
with galaxy interactions or mergers. Such luminous targets can be traced all the way back to the formation epoch
with observations in the 1990's. Comparison of infrared luminosity distributions with those measured from other
surveys, particularly in X-ray or ultraviolet radiation, is essential to account for luminous galaxies and quasars
otherwise overlooked because of obscuration.

What is the distribution of matter in the Milky Way and nearby galaxies?

The evolution of galaxies is marked by a conlinuing cycle of birth and death of stars. This leads to the evolution
of the elements from nearly pure hydrogen and helium to material with sufficient heavy elements to form earth-like
planets. IR studies out to the distance of the Virgo cluster and beyond will measure elemental and chemical
abundances of many of the heavy elements, both in the reservoir of the interstellar medium and as newly-formed
material ejected from supernovae, novae and red giant stars. The age, composition, and structure for our Galaxy are
crucial benchmarks for understanding other galaxies. Our vantage point is immersed in the obscuring dust of the
Galactic disk, but infrared observations allow us to penctrate the dust in order to study stars and interstellar matter
throughout the Galaxy. IRAS far-IR and COBE near-IR images of the sky toward the Galactic center, together with
a visual view, are displayed as the frontispiece of this report. The COBE and IRAS images show the distribution of
stars and luminous dust clouds, respectively, in this region of sky - extraordinary demonstrations of the power of
infrared observations to reveal the grand design of the Milky Way Galaxy.

B. THE ORIGIN OF PLANETS, PLANETARY SYSTEMS AND STARS

The essential questions concerning star and planet formation, processes which are central to our concept of the
universe in which we live, remain unanswered. Most of the visible matter in the Universe is in the form of stars,
and star formation is central to the formation and evolution of galaxics. Closer to home, the formation of planets
and planetary systems is a prerequisite for the formation of life as we know it. Both of these birth processes occur
deep within dense clouds of dust and gas opaque at visible wavelengths but transparent in the infrared.

How do stars form, and what conditions lead to protostellar collapse?

Star and planet formation begins with a dense molecular cloud core which collapses to form a protostar embedded
in a circumstellar protoplanetary disk. The protostar grows by direct infall of material onto the star and by accretion
from the inner boundary of the disk. The gas and dust remaining in the disk is the raw material from which plancts
form.

The rate at which stars form and the resultant distribution of stellar masses must depend on the physical
properties of the molecular cloud; composition, gas density, temperature, velocity field, chemical and ionization
state, and magnetic field. In the 1990's we will image molecular clouds with sufficient sensitivity, spatial resolution
and spectral resolving power to measure the conditions throughout star-forming clouds, to detect the emission from
individual embedded stars, to determine the luminosity function into the substellar range - far below the hydrogen
burning limit of about 0.08Mg - and to correlate star formation rates and stellar masses with the cloud propertics.

The spatial and spectral resolution available at far-infrared and submillimeter wavelengths will enable the detailed
study of numerous infalling cores in nearby molecular clouds. It is believed that the infall halts abruptly at an
accretion shock, which marks the boundary of the protostar or the protostellar disk. By detecting the IR spectral
lines from these dust embedded accretion shocks, and measuring their profiles, the observations will probe the
non-spherically symmetric infall onto the protostellar system and reveal how planet-forming disks are assembled.

The infall phase ceases when an outflow from the protostar impacts the infalling material, reversing its direction
and sweeping it outward. The outflow is frequently collimated, by an as yet unidentified process, into a bipolar or
jet-like flow. In the 1990's, IR imaging and proper motion observations will make it possible to see the jets and
outflows as close as 10 AU from the protostar, thereby probing the agent of collimation. By observing the IR
emission from the shocks produced when the outflow encounters ambient gas or protostellar disks, we will discover
how the outflow evolves, how it inhibits infall, how it affects the disk, and how it interacts with the ambient
molecular clouds.
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How do protostellar and debris disks evolve?

Circumstellar disks are common features of stars of all ages. Theoretical models of the evolution of disks around
protostars envision the growth of the disk by accretion, and the possible development of disk instabilities which
cause material to spiral into the protostar or form a binary system. As the accretion phase ends, the dust in the
(now) protoplanetary disk settles to the midplane, coagulates and forms planetesimals which ultimately may
accumulate into planets. The forming planets sweep up the disk material near their radius and gravitationally interact
with more distant material, producing "gaps" in the disk similar to those seen in the rings of Saturn. Finally, only
planets, moons, asteroids and comets are left, and the occasional collisions of these larger bodies produce the leftover
planetary debris disks observed around older stars, just as similar processes in our own solar system sustain the
zodiacal dust cloud.

The infrared capabilities of the 1990's will allow us to image protostellar and protoplanetary disks around stars
as distant as the Taurus cloud, and to detect gaps which may signal planetary system formation. The orientation of
the disks can be correlated with the cloud core orientation and the magnetic field direction to improve our
understanding of the dynamics of the collapse. Rotation curves can be measured and a composition profile derived
for disks at all evolutionary stages, using resonantly scattered near-IR line emission for the inner disk and longer
wavelength emission for the outer disk. Evidence for dust coagulation as a function of distance from the protostar
will follow from spatially-resolved continuum spectroscopy at mid-ir wavelengths.

The final stage in the evolution of the protoplanetary disk is the planetary debris stage. IRAS found that a large
fraction, certainly more than 20%, of mature main sequence stars near the Sun possess orbiting solid material. Prime
examples are the disks orbiting the stars Vega, Epsilon Eridanus and Beta Pictoris. These disks, which are composed
of particles much larger than typical interstellar grains, remain the best evidence for the occurrence of planetary
systems around other stars. In the next decade, we should be able to detect disks similar to that around Vega around
tens of thousands of stars out to distances of several kpc, to resolve a zodiacal cloud similar to the Sun's for the
nearest stars, and to obtain detailed images of disks - searching for interior voids which may signal the presence of
planets. Determination of the composition of the disk material and the size and frequency of voids as a function of
the age and other characteristics of the central star will provide strong constraints on the processes, mechanisms and
time scales for planet formation.

The study of the origin, evolution, and prevalence of extra-solar planetary systems will be complemented by the
continued investigation of our own Solar System, particularly the region beyond the orbit of Jupiter. The spectral
coverage and sensitivity of the infrared instrumentation of the 1990's will permit the study of all classes of objects in
the outer solar system - not only the outer planets and their large satellites but also comets and the minor satellites,
which may be better samples of the primordial material of the outer solar system. Infrared spectroscopy of the
atmospheric gases and the surface ices of these primitive objects will provide critical information concerning the
composition and physical conditions in our own protostellar nebula.

How prevalent are Low Mass Objects and Brown Dwarfs?

Infrared observations will not only detect the gaps in disks which signal the presence of planets, but also can
provide direct measurements of young giant planets and of brown dwarfs of all ages and masses. These substellar
objects range in mass downward from 0.1 Mg to planetary masses of order 0.001 Mg (about the mass of Jupiter).
The number and distribution of such objects with mass smaller than the smallest star is unknown, but their
abundance and properties may answer important questions about the formation of stars and planets, about the
behavior of matter at high pressure, and even about the missing mass in astrophysical systems, Infrared
observations are uniquely capable of detecting thermal emission from not only substellar companions but also
isolated substellar objects, which glow faintly in the infrared as their residual heat of formation diffuses away.
Isolated brown dwarfs can be detected in nearby space, in molecular clouds and stellar clusters, and, possibly, in the
halos of other galaxies.
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IV. TECHNICAL OVERVIEW

The IR spans three orders of magnitude in wavelength from 1 pm to 1000 pm. Over this very large span, the
experimental techniques, the properties of the atmosphere, the telescopes, and the detectors all change dramatically.

In the near-IR (1 yum to 2.3 um), observations can be made from the ground through three "windows" in
the earth’s atmosphere. Telescope and instrument techniques are quite similar to those developed and deployed at
optical wavelengths, except that detectors are hybrid arrays using exotic infrared sensitive detector material like InSb
or HgCdTe bonded to silicon readout devices. The recent revolution in this IR array technology enables a wealth of
new scientific opportunities. At near-IR wavelengths, two near-term opportunties are highlighted in this report; the
revitalization of existing telescopes with state-of-the-art instrumentation, including adaptive optics, and the 2 um
All-Sky Survey, ZMASS.

Near-IR observations from the ground are limited by airglow background, atmospheric absorption and
atmospheric "seeing”. The second generation near-IR instrument under development for the Hubble Space Telescope
(HST), NICMOS, will exploit the absence of airglow emission and atmospheric absorption and seeing to make
high sensitivity diffraction limited imaging and spectroscopic observations in the 1 um to 2 pm range.

In the mid-IR (2.3 um to 30 um) ground-based observations are possible through four windows, but
thermal emission from the atmosphere and from an ambient temperature telescope creates an enormous photon
background against which observations must be made. A cryogenically cooled telescope operating outside the earth's
atmosphere, like IRAS, COBE and SIRTF, is free from the limitations of atmospheric and telescope emission and
atmospheric absorption. The natural mid-IR background in space, which originates from interplanetary and
interstellar dust grains, is at least a million times fainter than that at any groundbased observatory; SIRTF's
sensitivity is limited only by the statistical fluctuations in this natural background. Because SIRTF uses modern IR
array technology, this facility has the power to transform our understanding of the basic questions of astrophysics.
SIRTF is the cornerstone of IR astrophysics for the 1990's and beyond.

There are, however, some significant strengths of ground-based and airborne observations in the mid-IR; these
include ready access to instrumentation, and large collecting area - useful both for light-gathering power for
spectroscopy and for higher (diffraction limited) spatial resolution.

Modern mid-IR astronomy began in the 1960’s with the introduction of the LHe cooled Ge bolometer on
ground-based telescopes. Ground-based observations in the 2 um to 30 pm atmospheric windows have evolved
using adaptations to optical telescopes, progressing to the point that now most major optical telescopes incorporate
some level of IR capability, although use of such facilities is generally compromised by inadequate IR adaptation or
an inferior site for IR observations or, most frequently, a combination of both. In order to minimize the thermal
emission, the telescope configuration and optics must be "optimized” for thermal IR observations, and the site
selected to minimize the atmospheric absorption and emission. The recommended 8-m IRO is a unique IR
optimized telescope on the best IR site known, the summit of Mauna Kea. )

There is only a single large U.S. telescope dedicated to IR observations; the 3-m Infrared Telescope Facility
(IRTF) on Mauna Kea, operated as a national facility by NASA's Planctary Exploration division. The upgrade of
this facility to exploit the IR potential of Mauna Kea would create major new scientific opportunities for a large
community and should be pursued aggressively and rapidly.

In the far-IR (30 um to 300 pum) the earth's atmosphere is essentially opaque. As in the mid-IR, the
residual atmosphere and telescope are strong sources of background emission. SIRTF is an extremely powerful
observatory throughout this wavelength range.

Observations in much of this spectral regime and at many of the other infrared wavelengths obscured from the
ground can be made from stratospheric platforms. NASA's airbomne astronomy program began in the late 1960's,
highlighted by deployment of a 0.3-m telescope in a Lear jet and the development of the KAO, a 0.9-m telescope in
a C-141, in 1974. The KAO has been very successful for the past 15 years, providing critical observations ranging
from stellar occulations at optical wavelengths to the study of collapsing clouds at 300 pm, but is now becoming
scientifically outmoded because it can study only a small fraction of the IRAS sources. The recommended airborne
observatory, SOFIA, which will replace the KAO, is key to the development of airborne infrared astronomy,
providing a powerful and flexible facility for scientific observations in this field, capable of detailed study of all the
IRAS Point Source catalog objects, and permitting development and deployment of state-of-the-art instrumentation.
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Extrinsic germanium photoconductors provide the most advanced detector technology for far-IR wavelengths,
used either as individual detectors or in small arrays. Low temperature bolometer arrays are also under development,
particularly for use beyond 120 pm, and high frequency heterodyne receivers are becoming available at the longest
wavelengths.

In the submillimeter (300 um to 1000 pum), observations are again possible from the ground through
four windows whose transparency is a strong function of water vapor content; the longer wavelength windows have
higher transparency. Telescope and receiver techniques are often extrapolated from radio wavelengths. Novel
heterodyne components and more precise surface figures for telescopes than are commonly achieved at radio
wavelengths are required. Thermal emission from the atmosphere and telescope, while still by far the dominant
sources of background, are less important for high resolution spectroscopy, and telescope diameter is important for
photon gathering and improved diffraction-limited angular resolution.

Submm observations with the 10m Caltech Submm Observatory (CSO) on Mauna Kea have demonstrated the
viability of astronomical observations in the atmospheric windows at 600 pm and 800 pm using extrapolation of
radio techniques. Already the findings of submillimeter water vapor masers and high velocity molecular outflows in
evolved stars have demonstrated the importance of such observatories. Additional submm facilities currently under
development, including the 10-m submm telescope for Mt. Graham, the Submm Array Interferometer under
development by SAO, and the South Pole Submm telescope are expected to establish the basis for future
ground-based developments in the submm wavelength range down to 350 pum.

Freedom from atmospheric absorption is a strong driver toward airborne or space-based platforms. SOFIA will
provide an excellent platform for exploratory submm observations and instrument development. However, critical
molecules like HpO and O cannot be observed from within the earth's atmosphere, even at airborne altitudes,
because of telluric absorption. A small submm explorer, the Submillimeter Wave Astronomy Satellite (SWAS), is
currently under development and expected to be launched in 1994. This mission, the first dedicated to high spectral
resolution submillimeter observations from space, will study the Galaxy in spectral lines of HoO and O3. The
recommended Submm mission (SMMM) exploits the complete freedom from telluric absorption of the space
enviroment. to provide our first unbiased spectroscopic view of the submm regime, while SIRTF will provide the
most sensitive submm continuum measurements out to 700 um.

Antartica offers an intriguing possibility for a ground-based astronomical site with conditions of atmospheric
water vapor content and ambient temperature that are much more favorable to IR observations even than those of
Mauna Kea. A small submm facility, ASTRO, is currently under development to evaluate the submm potential of
the South Pole and a similar scale experiment, SPIREX, is proposed to investigate the potential of the South Pole
for observations around 2.4 um. These small scale projects are ideal for addressing such issucs as seeing,
operability, atmospheric conditions and IR background levels, which must be well understood in order to evaluate the
potential of this site for a major IR observatory.
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V. PROJECT RECOMMENDATIONS
Table 1 summarizes the projects recommended in this report. The project recommendations and descriptions
following this table are presented in the same order as they appear in the table. Current estimates of the project

development costs are included; in the cases of international participation, the U.S. costs are shown.

TABLE 1. PROJECT SUMMARY

CATEGORY PROJECT CATEGORY START TIMES COST
PRIORITY DEVELOPMENT OPERATION  (FY89$)
SPACE PROJECTS
MAJOR
SIRTF 1 1993 1999 1.3B
MODERATE
SOFIA 1 1992 1997 230M
SMMM 2 1995 1999 125M
SMALL
LAB/ASTR AUGMENTATION 1 1991 &M
GROUND-BASED PROJECTS
MAJOR
SMIRO 1 1993 1998 80M
MODERATE
DETECTOR/INST DEVELOPMENT 1 1992 1993 SOM
SMALL
2MASS 1 1992 1993 5M

A. SPACE PROJECTS

We very strongly recommend that the highest priority for astronomy in the
1990's be the development and operation of the Space Infrared Telescope Facility
(SIRTF), the culmination of NASA's Great Observatories program.

The SIRTF observatory consists of a 1-m class cryogenically cooled telescope mounted on a free-flying
spacecraft in high earth orbit. SIRTF will be operated as a national facility, with more than 85% of the observing
thousand-fold improvement in sensitivity over current infrared capabilities. This gain, coupled with the imaging and
spectroscopic power inherent in its large-format infrared detector arrays, will make SIRTF unique for the solution of
key astrophysical problems ranging from the doorstep of the solar system to beyond the horizon of our current
understanding.

SIRTF will be equipped with instruments utilizing modern two dimensional infrared arrays providing wide-field
and diffraction limited imaging and spectroscopic capability over most of the IR spectral regime. SIRTF's cameras
will provide imaging capability from 2 pum to 200 um and photometry from 2 um to at least 700 pm. SIRTF's
spectrographs will cover the wavelength region 2.5 um to 120 pm at low spectral resolution (R=100), and the 4 pm
to 200 um region at higher spectral resolution (R=2000). The sensitivity will be limited over most of this
wavelength range only by the natural backgrounds in space, allowing SIRTF to achieve sensitivity gains of 100 to
10,000 over present capabilities. SIRTF will be launched by a Titan IV-Centaur into a circular orbit at an altitude
of 100,000 km. The five-year lifetime will permit follow on studies with SIRTF itself of the many new scientific
questions which will be posed by SIRTF's own discoveries, while an archival rescarch program will make the
SIRTF data accessible to the scientific community long after its data acquisition phase ends.

SIRTF has been under active study by NASA for more than a decade. The key technologies have been
demonstrated; all that awaits is to build and launch this premier mission of the 1990s. With a development start in
FY 1993, SIRTF can be launched by the year 2000, allowing a significant period of time for coordinated
observations with NASA's other Great Observatories, HST and AXAF.
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SIRTF's sensitivity increase, combined with the
power of the detector arrays, achieves extraordinary
gains in capability (Figure 2), one-million fold or
more over the current state of the art in the infrared,
and one-thousand fold or more over the performance
anticipated for the ISO mission {planned for launch
by the European Space Agency in 1993).

SIRTF SCIENCE HIGHLIGHTS

SIRTF will make fundamental contributions to
virtually all contemporary forefront astrophysical
problems. As illustrated in Figures 3 and 4, SIRTF
will permit detection and identification of objects as
disparate as galaxies at redshifts z>5 and brown dwarfs
in the solar neighborhood; and detailed study of
problems as different as the relationship between high
luminosity infrared galaxies and quasars, and the
nature of planetary system debris around nearby stars.
The investigations will reshape our understanding of
processes ranging from galaxy formation in the early
universe to the formation of our solar system.
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The identification of the epoch of first star formation in galaxies is critical to our understanding of the process of
galaxy formation. Once a very young galaxy reaches an age of tens of millions of years after its first stars arc
formed, much of its luminosity is produced by cool red giant stars emitting a broad spectrum peaked at 1.6 pm.
SIRTF can identify this near-infrared peak redshifted to longer wavelengths; for example, SIRTF can detect a young
galaxy of average mass at redshift z=5, seen when the universe was less than 10% of its current age. An object of
high redshift which shows no evidence for the peak is a candidate for identification as a galaxy still forming its first

generation of stars.

In some ultraluminous infrared galaxies, 1000
bursts of star formation account for nearly all
of the observed luminosity, but others appear 100

to harbor dust-enshrouded quasars. SIRTF's
imaging surveys will trace the evolution of 10
quasars and ultraluminous infrared objects to
redshifts well in excess of 5. Low resolution
infrared spectra can identify characteristic
features due to emission from dust and gas
and determine the redshift, and hence the
luminosity, of the infrared-bright objects. o
These studies will determine how both the
absolute and the relative number of starburst
galaxies and dust-enshrouded quasars varies
with epoch and determine how the cosmic
evolution of this population compares with
that of the optically and radio selected quasars
to which they may be related.

Brown dwarfs more massive than Jupiter
and less massive than the 0.08Mg required for

a star 1o sustain nuclear hydrogen burning are
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Fig. 3. The enormous sensitivity of SIRTF is shown by
comparison with the expected brightness of a variety of classes
of extragalactic sources at z=5.
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expected to be visible in the infrared as they radiate the heat generated by their gravitational contraction. SIRTF's
sensitivity will be such that objects with 10-30 Jupiter masses and ages less than 107 years can be detected out to
the Taurus cloud. SIRTF can also discover older, less luminous brown dwarfs through deep imaging of nearby star
clusters, unbiased surveys, or through targeted searches for companions of nearby stars.
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Zodiacal clouds like the Sun's can be imaged by SIRTF around the nearest solar-type stars, while planetary debris
disks like those found by IRAS can be studied around stars more distant than lkpc. For the more prominent
systems, SIRTF's images will show the orientation, structural features, and detailed morphology of the disks,
including the inner dust-depleted regions suggestive of planets orbiting within the disk. Low resolution spectra of the
debris - in both reflection and emission - will provide critical diagnostics for studies of composition, replenishment,
and origin of the material.

Just as SIRTF can study material in the

outer regions of other solar systems, it will 1000 T - .
extend the studies of the outer regions of sﬂ?:{'i'g""y (15, 500 sec)
our own Solar System. The ices and gases 100 - —-- ax = 2000 s 8 A,_/""-\_T“S 1629A
that condensed in the collapsing solar c“:'e’g;:’;’::?""’ (broadband) N
nebula further than 5 AU from the Sun, and 10 L Ground based S N .
. . BRI TN .
that are now l.ocked in the com'ets and Sample galactic objects .. ) _ oA
planetary satellites, carry the chemical and 5 15 Ha"‘(fs comet =t - ‘Haﬂe{s 1
- . e ] °. COme
physical history of the primitive solar §g « Planetary debris 7 .
nebula in the zones where the outer planets @ .1 - ?;sl'(‘p‘z)"'m”s S P -
formed. SIRTF can obtain detailed specra | ... Brown dwart 4
of the gaseous and solid materials in this 01 SPC?bl wit .
distant zone; tracing the primitive solar T IRAS 1638 (10 kpo) ' Brown dwarf
nebula in this fashion will permit us to 001 .
combine knowledge of the early solar
system with the observed properties of stars 0001 S S — S
1 1 10 100 1000

in formation to understand more fully the
formation of solar systems.

SIRTF will also conduct surveys: Some Fig. 4. SIRTF sensitivity to Galactic and Solar System sources.
of these will be targeted atspecific scientific
problems - searches for candidate protogalaxies, for distant Kuiper belt comets in the ecliptic plane, or for embedded
protostars in dark clouds in the Galaxy. Others will be totally unbiased, deep surveys aimed at searching for the as
yet unnamed and unimagined phenomena which will lie within SIRTF's vast new horizon. SIRTF's spectrograph
will be used extensively not only for followup observations of objects discovered in the imaging surveys, but also
for complete infrared spectroscopic surveys of known classes of objects. These surveys and the archive of SIRTF's
targeted observations will represent a legacy for astronomical study long after the end of the SIRTF mission.

Apm)

We recommend the immediate development of SOFIA, a joint NASA-Federal
Republic of Germany airborne observatory for infrared astronomy.

SOFIA is a 2.5-m telescope system mounted in a modified Boeing 747 aircraft. Flying over one hundrcd 8-hour
missions per year at altitudes of 41,000 fect, above 99% of the water vapor in the earth's atmosphere, SOFIA wil
provide the astronomical community routine observations at most infrared wavelengths inaccessible from the ground.
SOFIA's tenfold increase in collecting area over the KAO will enable study of any of the sources in the IRAS Point
Source Catalog. A great strength of SOFIA is its flexibility: frequent access to the near space environment,
realtime hands-on access and rapid interchange of focal plane instruments, and round-the-world deployment
capability. SOFIA provides an excellent platform for the development of advanced instrumentation and for the
education and training of the next generation of experimentalists.

SOFIA is a joint project, with the Federal Republic of Germany supplying the telescope system, supporling
the operations at roughly the 20% level, and participating in the flight program at a similar level. NASA and the
German Science Ministry (BMFT) have successfully completed preliminary design studies for SOFIA. A
development start for SOFIA in FY 1992 would allow observations to begin in 1997.

SOFIA SCIENCE HIGHLIGHTS

SOFIA's capability for diffraction-limited imaging beyond 30 microns and for high resolution spectroscopy over
the entire 1 um to 1 mm infrared band will allow studies of the composition, structure, and dynamics of planetary
atmospheres, comets, and interstellar gas and dust; the initial luminosity function of stars embedded in ncarby
molecular clouds; the infall and outflow from protostars; and the nature of the luminosity sources in nearby starburst

and AGN galaxies.
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Far infrared observations with the spatial resolution of SOFIA will probe the distribution and nature of the
embedded luminosity source(s) in the nuclei of nearby galaxies. Our own galactic nucleus may provide valuable
clues to the phenomena occuring in galactic nuclei. Far infrared polarimetry and spectroscopy will map the magnetic
field distribution and gas dynamics in the 2-10 pc ring of gas and dust surrounding the center of the Galaxy, possibly
a magnetic accretion disk from which material spirals into the galactic center.

The bulk of the luminosity from protostars
generally emerges in the 30 pm to 300 um band 1000 T T T T IT] TV T
(illustrated in figure 5), so only far infrared Sn n ol ;OH
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luminosity. SOFIA has the sensitivity to detect 0.1
Lo embedded stars at distances as large as 500pc.
SOFIA's far IR spatial resolution enables studies of
the luminosity function characterizing solar or
subsolar mass stars in nearby star forming regions
like Taurus. Resolved maps of the infrared
continuum and line emission from individual
protostellar sources determine the dust and gas ~ \
density distribution around the protostar and the 10 h \
nature of the protostellar infall and outflow. Far-IR |
high spatial and spectral resolution observations of ™y |
protostars in Taurus will measure the accretion ’ * |
shock spectrum and provide the definite detection of | ,'
infall and accretion in low mass protostars. *
The high spectral resolution capability of SOFIA 1 J- o
is also necessary for the determination of the
composition and dynamics of interstellar and solar
system gas. The ability to detect characteristic Fig. 5. The energy distribution of the possible protostar
molecular lines, such as the high rotational lines of L1551 in the Taurus molecular cloud. The wavelengths of lines
CO and rotational transitions in Hj, is often relevant to the study of accretion shocks are indicated.
limited by a small line to continuum ratio, and so
high resolving power dramatically improves the sensitivity of the line measurement.

Compositional studies range from mapping the elemental abundance variations in ionized and atomic gas in
nearby galaxies, to determining the abundances of the major reservoirs of C, N, and O and the state of oxidation of
the primitive solar nebula during the epoch of star formation through observations of comets. The unique capability
of an airborne observatory to track occultations will allow absorption measurements of, for example, the structure of
the atmosphere of Pluto, one of the few large planetesimals remaining in the solar system. An improved
understanding of the primitive chemical processes of the outer solar system will translate directly into an improved
perception of the processes at work in other solar systems and an understanding of how representative is our own
solar system.

We recommend the Submillimeter Mission (SMMM), an innovative new mission
for the Explorer program.

The Submillimeter Explorer utilizes a 2.5-m ambient temperature telescope with a liquid-helium cooled
complement of instruments designed to obtain complete submillimeter spectra from 100 pm to 700 pm for a large
number of galactic and extragalactic sources. SMMM will provide our first complete, unbiased spectroscopic view
of the submillimeter portion of the electromagnetic spectrum.

Key elements of the SMMM technology program are well underway, and must be continued in the near term 10
be ready for a timely development phase in the mid-1990's. The areas of technology development that require
support now are extending heterodyne receivers to wavelengths as short as 300 um, and development of lightweight
panels that can meet the high surface accuracies required for diffraction limited performance at 100 um. The SMMM
represents a substantial opportunity for a joint project with the French Space Agency, CNES, and also possibly with
ESA. The SMMM could be pursued either as an Explorer class mission or an expanded moderate mission,
depending on the results of the current Phase A studies, and the extent of the international collaborations that are
finally negotiated by the interested parties.



II-14 ASTRONOMY AND ASTROPHYSICS PANEL REPORTS

SMMM SCIENCE HIGHLIGHTS

SMMM will probe the origins of stars and the chemistry of the interstellar medium, and will obtain a complete
spectral atlas for molecules, atoms and ions in the 100 um to 700 um range in a wide variety of galactic and
extragalactic sources. Complete submillimeter spectra of clouds of gas - ranging from quiescent atomic clouds, to
dense cold clouds, to collapsing clouds, to those clumps containing protostars - will probe the critical chemistry,
dynamics, heating, and cooling processes that occur in the gas and dust before and during gravitational collapse.
Submillimeter spectra of nearby galaxies will provide the basis for global comparative studies of star formation,
interstellar chemistry, and cooling processes.

These spectra will enable studies of chemical and isotopic abundances and hydride molecules for metals to atomic
number of 30 or more, including the cosmologically significant species such as HD and LiH, and be able to examine
their variation with position within the galaxy. SMMM will observe the carbon reservoir species CO and CI and
the oxygen reservoir molecules H2O and O3 in a wide variety of gas phase environments, and identify dominant
large molecules and small dust grains by observations of vibration-rotation spectra of large linear-chain and
polyacetylene molecules and of vibrational modes of polycyclic-aromatic-hydrocarbon dust grains, thus examing the
link between the lighter molecules observed at millimeter wavelengths and the small dust grains discovered at shorter
infrared wavelengths.

In star formation regions, SMMM will enable thermal balance studies in dense protostellar enviroments and
molecular shock regions where HpO and hydride molecules dominante the cooling process. SMMM will enable

studies of protostellar infall by observations of line absorption against continuum emission from dense cloud cores.

We recommend that the laboratory astrophysics program be substantially
augmented in the 1990's.

Understanding the IR observations of the 1990's will require, as input, fundamental data describing the properties
of atoms, ions, molecules, and dust grains. It is frequently the case that the largest uncertainties in theorctical
models are due to uncertainties in these data, rather than to approximations inherent in the models, These essential
data are provided in some cases by theoretical atomic, molecular, or condensed-matter physics, but predominantly by
laboratory astrophysics. Laboratory astrophysics must be recognized as a special interdisciplinary area which requires
significantly higher levels of support for the 1990s, with funding made available for laboratory start-up programs and
for graduate students and postdoctoral fellows.

Atomic, ionic, and molecular spectral lines in the IR will offer a wealth of information concerning chemical and
isotopic abundances and the physical conditions in the gas, but interpretation of this spectral data will require
substantial progress in atomic and molecular astrophysics. Even for the most simple and fundamental molecule, Hp,
there are great uncertainties regarding the cross sections for collisional excitation of the vibration-rotation levels from
which we observe emission. Collisional cross section data for many isotopic species of stable molecules, as well as
molecular spectroscopic data for highly reactive molecules and ions, are needed. There are currently scant laboratory
data on highly vibrationally-excited states of molecules, radicals, and ions or on the larger organic molecules and
ions which bridge the gap between the molecules observed in the radio and the polycyclic aromatic hydrocarbon
(PAH) macro-molecules and small grains seen in the near-IR.

Most of the mid- to far-infrared radiation in the universe originates from interstellar dust grains. Both laboratory
and theoretical work is needed on the physical properties of candidate grain materials, in order to interpret absorption,
emission, and polarization measurements. The study of small grains, whose sizes (5 to 30 A) put them in the
transition region between large molecules and bulk grains, is especially important. For example, the optical
properties of PAH clusters, and of hydrogenated amorphous carbon (HAC), require careful laboratory study in order to
permit interpertation of the infrared emission featurcs seen from interstellar dust clouds. Laboratory spectroscopy of
mixed molecular ices of astrophysical interest is another area of high importance to the study of the origin and
evolution of solid matter in interstellar clouds and in the solar system.

B. GROUND-BASED PROJECTS

We recommend the immediate construction of a national infrared-optimized
8-meter diameter telescope on Mauna Kea.

From this remarkably dry and stable site, by the use of modest adaptive optics techniques, IRO will exceed the
sensitivity of a conventional 8-m telescope by more than an order of magnitude and will achieve diffraction
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limited performance of 0.07 arcsec at 2.2 um. Within all atmospheric windows from 1 um to 30 um the telescope
emission will add only minimally to that from the atmosphere itself, producing the most sensitive measurements
from the ground at these wavelengths where sharpest imaging is naturally achieved.

The technical requirements for the IRO are well understood, and can be met by extension of the design for the
NOAO 8-meter telescopes. The telescope must deliver a final image of less than 0.1 arcsec diameter. To minimize
radiation from the telescope itself, the mirrors must be coated with a material of lower emissivity than aluminum,
probably silver. Some adaptive optics capability will be routinely required, but even simple wavefront tilt
compensation will allow imaging at a resolution of 0.1 arcsec. The choice of site is crucial: Mauna Kea is
recognized as the best IR site in the world.

We note also that, as recommended earlier, the NASA IRTF, the dedicated 3-meter infrared telescope located on
Mauna Kea, is the logical location at which to take the earliest advantage of infrared optimization techniques.

IRO SCIENCE HIGHLIGHTS

IRO will provide a level of clarity in imaging never before achieved from the ground, with angular resolution in
the near IR an order of magnitude sharper than typically obtained at optical wavelengths. Infrared images of planets,
satellites, comets and asteroids will reveal the composition and structure of surface and atmosphere, and can be used
to monitor temperature variations or other changes, for example the volcanic activity on Io.

The TRO will enable detailed imaging and
spectroscopic observations of forming stars in
many nearby star formation regions, such as
Taurus, Ophiuchus, Orion and NGC2264. Studies
of the structure, energetics and composition of
protoplanetary disks around young stars, with a
spatial resolution of 10 AU in the nearest
star-forming regions, will allow detailed
characterizations of the disks and may show
condensations or voids where planets are in the
process of forming.

IRO will measure three dimensional motions
for hundreds of stars within the central parsec of our
Galaxy through a combination of proper motion
and spectroscopic studies to an accuracy of 10
km/sec, and so provide a critical test for the
presence of a black hole. IRO may even be able to
measure directly the velocity of the gas rotating
around such a massive object or to detect emission
from a black hole accretion disk.

Perhaps IRO's greatest contributions will arise
from its abilities to study distant galaxies as they
first form stars in the early Universe. Models
indicate that young galaxies at redshifts exceeding 5
should have 2.2 um magnitudes in the range 22 to
24, and so be readily accessible to IRO; the deepest
2.2 um image currently available (with a 5-sigma
threshold of 21.5 mag) already contain galaxies not
detected at optical wavelengths (figure 6). IRO can

obtain detailed images of such galaxies, and Fig. 6. A deep 2.2 pm image (lower panel), with a 5 sigma
measure spectra of them and other extremely distant threshold 21.5 mag, reveals faint red galaxies not detected in
examples discovered by SIRTF, in order to the deep I-band image (upper panel). Courtesy of L. Cowie,
determine their morphology, redshift, composition, Univ. of Hawaii.

and ionization state.
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We recommend a strong program to develop and evaluate IR array detectors
and to deploy the best of these arrays in state-of-the-art instruments for existing
telescopes.

Infrared array technology in the wavelength range from 1 um to 30 um is evolving very rapidly, and substantial
development and evaluation work is needed to exploit this technological revolution. The technology involved has
been largely developed as a result of the high interest in 1 um to 30 um IR arrays by the Department of Defense.
NASA has carefully nurtured detector development activities both for SIRTF and for NICMOS, the infrared
instrument on HST. It is extremely important to continue the testing and understanding of the properties of these
arrays in order to maximize the scientific return from HST and SIRTF.

Currently, high quantum efficiency, low read noise, low dark current arrays are available in formats up to
256x256 in the wavelength range 1 um to 5 um. Of critical concemn in this wavelength range is to extend the
format to 512x512 pixels; an array of this size is at the edge of current technology evolution, and is feasible within
5 years. Arrays of comparable quality for the thermal infrared from 5 um to 30 um in formats of 128x128 or even
256x256 pixels are also within reach. Of particular concern for ground-based and airborne observations is the nced
for high speed, low-noise readouts for large format arrays working beyond 3 um, where the thermal photon
background from the atmosphere and ambient temperature telescopes becomes very high.

The heart of any observatory is its complement of instruments. Those that utilize the finest state-of-the-art
detectors maximize the scientific return. Ground-based telescopes can be reborn, increasing observing efficiencies by
orders of magnitude, with the introduction of new array basecd cameras and spectrometers. We urge the NSF to
assist observatories in procuring and deploying the best of the infrared arrays for new generations
of focal plane instruments. A particularly exciting opportunity enabled by modem IR arrays is the ability to
systematically survey substantial areas of the sky with high sensitivity and efficiency. One particular survey, an
all-sky broadband near IR survey, is highlighted in this report. There are other, more specific, surveys that are also
of high scientific interest; for example deep images of large or unusual galaxies, galactic surveys in the Hj lines
around 2 pym or in the Brackett gamma line of HI at 2.16 pum, and very deep multicolor IR surveys for the faintest
extragalactic objects.

Another compelling opportunity for the 1990's is the application of adaptive optics to ground based telescopes to
correct continuously for the effects of atmospheric turbulence. Existing telescopes equipped with adaptive optics can
‘address new questions while new large telescopes can be utilized to obtain images in the 1 to Sum range with
unprecedented clarity. Adaptive optics has been substantially developed within the defense community and NSF has
taken the lead in providing the astronomical community access to this technology. The complexity and cost of
adaptive optics is much reduced at IR wavelengths because of reduced bandwidth requirements, relaxed reference star
requirements and increased correlations sizes at the longer wavelengths. Even a modest wavefront tilt correction can
provide substantial image size improvements. The IRTF is particularly well suited for early implementation and
utilization of this technology.
We recommend the immediate initiation of a 2 pm all sky survey (2MASS) to a
level of sensitivity 50,000 times greater than that achieved by the 1969 Two
Micron Sky Survey.

2MASS is a prime example of a modest project with a very large long term payoff. A pair of dedicated one
meter class ground-based telescopes, one for each hemisphere, equipped with modern near-IR array detectors, can
completely survey the sky at three wavelengths between 1 um and 2.2 pm in less than two years, detecting an
estimated 100 million sources. The 2MASS survey will explore the large-scale structure of the local Universe by
mapping the distribution of galaxies to a distance of 100 Mpc over the whole sky. This survey will be relatively
unaffected by dust obscuration in our own and other galaxies and is uniquely sensitive to those classes of stars which
dominate the mass,

The survey will explore large scale steilar structure of the Milky Way Galaxy and address basic stellar evolution
questions by measuring luminous evolved stars throughout the Milky Way, in the Magellanic Clouds, and other
galaxies in the Local Group. 2MASS will dramatically expand our current census of the coolest stars and probe the
young stellar population within dozens of dense molecular clouds. It will provide basic support to a variety of
NASA missions of the 1990's by highlighting new questions and identifying new targets for the major IR missions,
and supporting X-ray surveys through identification of x-ray sources with reddened stars, cool dwarfs, and AGN’s,

Studies to define the survey hardware and strategy are currently underway. Data processing and survey product
generation utilize NASA's Infrared Data Analysis Center (IPAC). Project development could begin as soon as 1991.
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C. PERFORMANCE COMPARISON

Together SIRTF, SOFIA and IRO provide the
astronomical community with extremely powerful
capabilities over the entire infrared spectral regime. In
this section, we attempt to quantify and compare the
performance expected for these three facilities.
Sensitivity estimates are 1 sigma in 500 sec.

Imaging and Photometry ( Figure 7 )

Over the entire 3 um to 700 um range SIRTF
provides uniquely powerful and sensitive imaging and
photometry capability, orders of magnitude more
sensitive than any other facility, existing or proposed.
SIRTF, together with the NICMOS instrument on
HST provides superb imaging sensitivity from 1 pm
to 700 um. The 8-m IRO offers more than an order of
magnitude improvement in point source sensitivity
over the current IRTF capability. SOFIA offers
nearly an order of magnitude improvement over the
KAO, and access to any of the IRAS PSC objects
for detailed study. For studies of emission extended on
a scale large compared to the angular resolution,
SIRTF is some three orders of magnitude more
sensitive than any warm telescope.

Angular Resolution ( Figure 8 )

SIRTF provides diffraction limited angular
resolution beyond 3 um. Because of their larger
diameter telescopes, SOFIA and the 8-m IRO offer
better diffraction limited capability. IRO provides the
highest resolution imaging capability in the near IR
windows of any ground-based optical or IR telescope,
while SOFIA offers the highest available resolution in
the IR bands unaccessible from the ground.

Spectral Line Sensitivity (Figure 9)

The performance is illustrated for a low spectral
resolution of 100 and high resolution of 105, In the
3 um to 200 pum region, SIRTF provides the highest
sensitivity to broad spectral lines, for example those
expected for extra-galactic sources. In the 1 pm to 30
pm windows, the 8-m IRO offers unsurpassed
spectroscopic sensitivity for narrow lines (Av ~
1km/sec) and very powerful capability for observing
broad spectral lines in the near-IR. SOFIA offers
flexible spectroscopic capability throughout the IR,
particularly important at the longer IR wavelengths.
SOFIA and the IRO can support the development of
state-of-the-art spectrometers throughout their long
lifetime. Again, it is assumed that the line source is
spatially unresolved. For extended sources SIRTF
offers very substantial additional advantages.
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VI. FUTURE DIRECTIONS

This entire report is a testament to the huge rewards that follow directly from the deployment of optimized
telescopes, from their equipment with state-of-the-art instruments, and from their location at sites with superior
environmental properties. The way to the future must pursue those same strategies to ever higher levels of
implementation.

Some long-term implications of this tripartite prescription are not difficult to deduce. On the ground, steps
through modest pilot projects aimed at the eventual construction of IR imaging interferometers consisting of
multiple telescopes; continued development and deployment of larger format array detectors; investigation of the
possible use of Antarctica as an observing site. In space, larger single dishes and Lunar interferometers; longer
lifetime refrigeration of larger format detectors; an orderly progression from low earth orbit, to high earth orbit, the
Moon, and eventually to observatories located beyond the zodiacal cloud -- as distant from the Sun as Jupiter.

TABLE 2. FUTURE TECHNOLOGY RECOMMENDATIONS

PROJECT PRIORITY COST
(FY89%)
SPACE TECHNOLOGY

FAR-IR/SUBMM PROGRAM 1 M

GROUND-BASED TECHNOLOGY

O/IR INTERFEROMETRY PROGRAM 1 20M

We recommend a moderate scale program of ground based IR interferometry
development and demonstration for the 1990's.

This program would support current technology development activities, build at least one interferometric
imaging array of 3x 2 meter telescopes adequate to undertake imaging interferometry in the near infrared and to
evaluate the practical limits in the thermal infrared out to 20 pm, and establish the technical basis for planning a
Very Large Optical/Infrared Array for the first decade of the 2000's

The next major development in 1 pum to 30 pum, ground-based astronomy is very likely to be imaging
interferometry. IR imaging interferometry will provide orders of magnitude improved spatial resolution, and
qualitatively new kinds of information from very high angular resolution imaging of forming stars and planctary
systems, starburst galaxies, and active galaxy nuclei. Interferometric imaging will also allow progress on study of
circumstellar environments (YSO's, evolved stars, novae, nebulae) with unprecedented resolution.

The technical basis for optical/IR interferometry is well developed, with such components as delay lines,
correlators, fringe tracking servos, and active optics for rapid tilt and piston correction in use at the Mt. Wilson Mk
111 optical astrometric interferometer and the Berkeley Infrared Spatial Interferometer together with several smaller
technology development projects underway in the U.S. The technical objectives of the decade program include
construction, metrology, and conirol of small and medium aperture telescopes to required tolerances and optimization
of correlation techniques as well as site testing for correlation time, isoplanatic angle, and interferometer specific
parameters. The experience of radio astronomers in aperturc synthesis carries directly over to optical/IR, with the
same software in use for both wavelength regimes.

The recommended technology demonstration projects of the 1990's will offer milliarcsec or better imaging
capability with limiting magnitudes for 2-m apertures and existing detector arrays of about 15 mag at 2.2 um and
5.5 mag at 10 um. The major ground based facility for the first decade of the 2000's, the Very Large Optical/Infrared
Array, will offer full aperture synthesis imagery of bright and faint sources.

This program should be carried out largely in the university community, where intensive participation by
students will be possible. At least some of the projects should involve several groups with a range of research and
technical interests. The large facility of the 2000's will be a unique national or international resource, and should
offer the access and support expected of a national facility.
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All of the projects proposed for the decade in this panel report hold promise for exceptional scientific returns. To
reach some dreams, however, such as imaging the accretion disk around a black hole, or viewing an earth-like planet
within a few AU of another star, we must obtain a spatial resolution significantly better than a milliarcsecond for
very faint sources. This cannot be done with ground-based interferometry in the optical and infrared. The only
location with adequate thermal, mechanical and image stability for such an interferometer is the lunar surface. The
individual telescopes that are part of such an array need not be large, and so the construction of an optical/infrared
interferometer is feasible as an early project when humans return to the Moon. Demonstration of the crucial
technologies for interferometry at these wavelengths is the essential first step which must be undertaken on the
ground during the coming decade if astronomy is to be poised to act quickly when the opportunity arises (o construct
a lunar-based interferometer.

We recommend that the NASA program for phased exploitation of the
far-ir/submillimeter wavelength range be vigorously pursued.

The Decade review report of the 1980s included a major 30 um to 1000 um project, the Large Deployable
Reflector (LDR), designed to complement HST, large ground-based telescopes, and SIRTF. LDR was envisaged as
a 10-m class, ambient temperature telescope to be erected in space from the Space Shuttle and operated in low carth
orbit. It is now generally agreed that low earth orbit is undesirable for such a facility, that the technology is not
ready for this mission, and that another approach is required. The mature perspective which led SIRTF to high earth
orbit guides us to suggest that the correct path for submm astronomy in space will evolve via the 0.5m diameter
Small Explorer mission SWAS, already in development, through a 2.5m class Explorer mission (the submillimeter
mission SMMM), to a major project such as a 10-m to 20-m diameter telescope operated in high earth orbit or a
Lunar far IR/submm interferometer.

In order to accomplish this plan, support is needed in the form of a technology development program aimed
initially at bolometers and photoconductor arrays and heterodyne receivers in the far infrared, and at telescope panels
required for the early missions. Large photoconductor detector arrays for the wavelength range 30 pum to 200 pm are
necessary for both imaging and spectroscopic applications. Sensitive, low temperature arrays of bolometers should
be developed for imaging continuum sources at wavelengths beyond 200 pm. Submm heterodyne receivers are
several orders of magnitude away from theoretical performance limits. High frequency mixers, local oscillators and
ultra-high bandwidth IF frequency components all require further development. Once theoretical noise limits are
reached, receivers should be combined to form focal plane arrays. Large, lightweight panel structures capable of
maintaining diffraction limited performance at wavelengths shorter than 100 um are needed.

I1 is essential that the university community be heavily involved in this technology program, and that the
developments have applications in near term missions. Continued research and development that capitalizes on
developments in industry and university laboratories is critical to making the most of the space environment. In this
context it is important that laboratory devices be incorporated into instruments that can be used on ground-based and
airborne telescopes. Such instruments return valuable science, fill gaps between major missions, and uncover
problems at a phase of development when the cost of fixing problems is modest.

Subsequently the technology program should be directed toward developing increasingly long lived cryogenic
coolers for space, and assembly and control of larger or multiple structures in high earth orbit or on the Moon.

The fundamental performance limitation for any submillimeter space observatory is the size of the diffraction
limited beam. Achieving spatial resolutions comparable to those obtainable at near infrared wavelengths with IRO
would require a large filled aperture or multi-element interferometer with size or spacing exceeding 100 meters. The
only site with the necessary siability for such a telescope is the lunar surface, on which there is no obvious
limitation to the obtainable size. Cost limitations are set primarily by the mass of materials to be transported. The
ultimate potential of submillimeter astronomy from the Moon is so great that technology development in the
coming decade for detectors, relevant cryogenics, and lightweight telescope components is a sound investment (o
prepare the technology base for a lunar observatory.
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VII. INFRASTRUCTURE

The 1990's will witness a tremendous leap forward in our knowledge of the infrared sky, a sky rich with
information. We will be able to convert these observations into understanding if, and only if, a strong infrastructure
is in place and well supported.

Theoretical Astrophysics

To a considerable extent, interpretation of astronomical obscrations involves comparison between the
observations and predictions of theoretical models -- it is in this way that we infer the conditions present in remote
regions of space and refine our physical understanding. The forthcoming explosion in IR imaging and spectroscopy
will demand greater sophistication in the theoretical models. Theoretical progress is required on a number of
overlapping fronts:

Improvements in our understanding of the local "microphysics” involved in heating, cooling, ionization, and
chemistry in regions ranging from cool stellar atmospheres to diffuse interstellar plasmas. It is becoming
increasingly important to develop the capability to compute realistic emission/absorption spectra, including detailed
non-LTE excitation of many-leveled species such as Hp and H20, and more detailed, but still approximate,
treatments of larger species such as PAHs.

Accelerated work on the nature and formation/destruction of interstellar dust, and the important effects which dust
grains exert on the interstellar medium, as well as improved understanding of the interaction of gas and radiation
including the structure of photodissociation fronts, ionization fronts and X-ray heated regions.

Fluid dynamic modeling of the flows which occur in, for example: MHD shock waves; "turbulence” in molecular
clouds; gravitational collapse of rotating, magnetized clumps in molecular clouds; accretion disks around protostars;
outflows associated with star formation; and ionization-shock fronts formed when neutral clouds are exposed to
ionizing radiation from newly-formed OB stars.

Global models that study the interplay between stars, gas, photons, and gravity which determines the structure of
the interstellar medium in a galaxy, the rate of star formation, the initial mass function, conditions in starburst,
interacting and merging gas-rich galaxies, AGNs, and QSOs.

It is imperative that adequate funding be provided to support a vigorous theoretical program.

Training and nurture of experimentalists

There is a grave risk that a program devoid of opportunities for young scientists at various stages of their
careers will ultimately lack the senior people required to carry out major programs as they arise. Challenging
opportunities providing "hands-on" experience are vital. Within infrared astronomy, both ground-based and
airborne/spaceborne programs are required; the former can be provided through the support of a broad bascd
instrument program and the latter through support of SOFIA and the balloon program. SOFIA will support
approximately 40 investigator teams per year, including an on-going instrument development program. Small
university groups will be able to carry out complete investigations on a short time scale at low cost. Balloon-bomne
telescopes will be an essential component of the next generation of CMB anisotropy experiments at ncar-mm
wavelengths. In principle, maps of the CMB anisotropy with AT/T ~10-6 can be made in a single balloon flight.
SOFIA, the ground-based instrument development program, and the balloon program offer excellent test-beds for new
detectors and receivers, and an excellent training ground for young scientists.

Data Analysis and Archiving
The creation of an entire branch devoted to Mission Operations and Data Analysis demonstrates a commitment
the data. This level of support should become the standard for all of astronomy.

A strong archival data analysis program allows a large, broadly distributed community to participate in forcfront
astronomical research. An excellent model is provided by the Infrared Processing and Analysis Center (IPAC), which
was established to process the data from the IRAS mission, generate and verify the scientific products and to support
the community in the utilization and analysis of the data products. IPAC has been very successful in supporting
broad community participation in the analysis of the rich IRAS data base. The IRAS database will continue to be a
vital resource for the astronomical community. In the future, the COBE, ISO and SIRTF data should be available
for archival interdisciplinary study. Large, extrremely well characterized data bases from selected ground-bascd
observations, e.g. survey data, should also be considered for inclusion in the archival program.
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EXECUTIVE SUMMARY

The 1980s witnessed major advances in detector and computer technology, fabrication and polishing
of large, lightweight optical elements, and telescope design. In combination, these advances will enable
construction during the 1990s of a new generation of large (8-m and 4-m diameter) optical/infrared
telescopes. These telescopes will provide an order of magnitude increase in angular resolution, and up to
a two order of magnitude gain in sensitivity when compared with current generation telescopes, which are
limited by the quality of their optics and by atmospheric turbulence or “seeing”. By using actively controlled
optical elements to compensate for seeing, and by improving the figure on all mirror surfaces, it will be
possible to concentrate the light from unresolved astronomical sources into a diffraction-limited core, and
to provide significant gains in image quality for resolved sources. These new generation telescopes must be
seen as the harbingers of optical/infrared facilities which by the latter half of the 1990s promise to provide
yet another order of magnitude increase in angular resolution.

Thus, for the first time, optical/infrared facilities will have the combination of sensitivity and angular
resolution required to observe and analyze

o large samples of galaxies and clusters of galaxies at redshifts z > 1,

e galaxies at the epoch of their formation;

® protoplanetary disks surrounding young, solar-type stars;
and to provide thereby the observational basis for understanding the origin of large-scale structure in the
early universe, of galaxies, and of planetary systems similar to our own.

Because these are problems which capture the imagination of both scientists and citizens who share
an innate curiosity about our origins and place in the universe, it is hardly surprising that astronomers
throughout the world are striving to take advantage of these technological possibilities: our colleagues in
Europe and Japan have already been funded to build large O/IR facilities of modern design. For the first
time, US leadership in ground-based astronomy-a constant of international science since the beginning of the
20th century-is being challenged. If US astronomy is to maintain its vitality and leadership, it is essential
that a new generation of optical/infrared facilities be built during the next decade. We recommend the
following program to maintain US competitiveness in O/IR astronomy during the 1990s, and to position the
US to establish leadership in high angular resolution O/IR astronomy at the beginning of the next decade.
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Large Scale Programs

Priority 1: A coordinated program to combine federal funds ($185M) with state and private funds to
build and instrument large (8-m class) US ground-based telescopes. The key federal contributions are:

o support for construction of a pair of nationally accessible 8-m telescopes, one each in the northern
and southern hgmisphefc. The northern hemisphere telescope will be a uniguely powerful instrument,
optimized for performance at infrared wavelengths by providing diffraction-limited images (of angular
size ~ 0.05" at A > 1.6um and minimizing the background thermal emission from the telescope. This
unique facility must be built on the best site in the world -~ Mauna Kea, on the island of Hawali. Its
twin will provide the US astronomical community with the access to the southern celestial hemisphere
essential in the era of the NASA Great Observatories, and can be optimized for performance at optical
wavelengths.

o support for developing and building the advanced auxiliary instruments required for the new generation
of large telescopes — including the recommended pair of national 8-m telescopes, and other US telescopes
of comparable aperture which are under construction or in advanced planning stages.

e support to develop and deploy wavefront sensors and adaptive mirrors capable of providing diffraction-
limited imaging at near-infrared wavelengths for the new generation of large telescopes.

Medium Scale Programs

Priority 1: A coordinated program to develop high angular resolution O/IR astronomy which includes
federal invesiment ($50M) in order to:

e extend the wavelength range (from infrared to optical wavelengths) for full adaptive correction of
atmospheric distortion above large telescopes;

e support engineering efforts to design an ultra-large (D > 30-m), adaptively-corrected single-aperture
telescope; -

e support university-based efforts to build and operate pilot interferometers;

e support a university-based effort to develop a sensitive O/IR interferometer array by mid-decade;

e support engineering studies leading to the design of a large, national O/IR array capable of imaging
celestial objects with at least ten times the angular resolution of 8-m class telescopes and at comparable
or greater sensitivity.

Priority 2: A program to construct at least four, new-generation 4-m class telescopes.

These telescopes will provide the basic tools necessary to carry out a wide variety of large-scale
surveys, innovative observational programs, and basic research aimed at deeper understanding of known
astrophysical phenomena. It is highly desirable that these telescopes be constructed by individual universities
and university consortia. The most immediate community need is for two new generation 4-m class telescopes
(one in each hemisphere) to support and complement the Great Observatories. Construction of four new-
generation telescopes will require a combination of federal ($30M), state and private funds.

Small Scale Programs

Priority 1: A program to carry out near-infrared and optical all-sky surveys with digital arrays ($11M)
These surveys will produce complete, unbiased infrared and optical maps of both celestial hemispheres,
and will thus provide an essential database for planning space-based missions and major observing programs

on large, ground-based telescopes. -
Priority 2: A program to develop a National Astrometric Facility ($5M) o
The NAF will provide the ability to obtain ultra-precise (better than 0.001") positions of celestial

objects both within and outside the solar system.

Infrastructure Support

Priority 1: A program to fund the development, purchase and distribution of large format optical and
infrared detectors ($40M)
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The ready availability of advanced panoramic detectors is absolutely essential to the development of
sensitive instruments for the new generation of large telescopes, and thus to achieving the full power and
potential of these major facilities.

Priority 2: A program to fund the fabrication and polishing of large mirrors, specialized optics, and the
development of mirror coating techniques ($25M).

The availability of large (> 4 m diameter) accurately polished lightweight mirrors, correcting optics,
and mirror coatings underlies our ability to build new generation telescopes, and the auxiliary instruments
required to enable their most efficient use.

OPTICAL/INFRARED ASTRONOMY IN THE 1990S

Research Environment

The advances in detector and computer technology of the 1970s and 1980s, combined with our ability to
observe the universe throughout the electromagnetic spectrum by using powerful space- and ground-based
telescopes, have revealed new phenomena (e.g. evidence of gravitational lenses; x-ray emission from clusters
of galaxies and globular clusters; gamma-ray bursters; infrared luminous starburst galaxies; energetic winds
emanating from obscured protostars), and heretofore unknown structures (e.g. the tapestry-like structure
of the universe as revealed by 3-dimensional maps of galaxies; concentrations of unseen matter which locally
alter the expansion of the universe; collimated jets of plasma driven by young stars; infrared luminous
protoplanetary and perhaps post-planet building disks) and have forced astronomers to view the cosmos
from new perspectives. The drive to understand these phenomena, and to place them in the context of
current paradigms if possible (or to create new ones if necessary), motivates the development of ever more
powerful experimental techniques.

The 1990s promise to be one of the most exciting decades in the history of astronomy. During the
next ten years, NASA will launch the Gamma-Ray Observatory (GRO), the Advanced X-Ray Astrophysics
Facility (AXAF), and the Space Infrared Telescope Facility (SIRTF). Together with the Hubble Space
Telescope (HST) launched in April, 1990 these “Great Observatories” will provide revolutionary tools for
exploring the universe at wavelengths throughout the electromagnetic spectrum.

As astronomy enters this new era, ground-based optical/infrared facilities will play e central role.
Large ground-based telescopes are required to provide the sensitivity needed for spectroscopic analysis of
phenomena discovered with the Great Observatories. Extensive observations with moderate-size and smaller
survey telescopes are essential to (1) selecting targets for the Great Observatories; and (2) providing the
context for understanding objects and phenomena discovered at other wavelengths (identification of gamma-
and x-ray sources, for example).

Ground-based optical/infrared telescopes also promise to be powerful engines of discovery in their
own right. Dramatic advances in detector technology, telescope design, and computer controlled optical
elements during the 1980s, provide the technical basis (see below) for constructing a new generation of
large ground-based optical/infrared telescopes and auxiliary instruments capable of providing 10 times the
angular resolution and up to 100 times the sensitivity of currently available ground-based telescopes.

These same technological advances, combined with the results of innovative experiments carried out
in the US and in Europe, promise that by the beginning of the next century, it will be possible to build
interferometric arrays — the optical/infrared analogs to the cm-wavelength Very Large Array (VLA) and
the proposed millimeter array (MMA). Such optical/infrared arrays will provide images with an angular
resolution 500 times better than the finest images taken on the ground in 1980 and 10 times the quality of
the images expected from HST.

Science Opportunities

The anticipated gains in angular resolution and sensitivity from new generation large telescopes
and interferometers provide immense opportunities for new scientific discoveries and for achieving deep
understanding of phenomena which lack ready explanation within current paradigms. Outlining the “science
opportunities” provided by devices which will provide order of magnitude improvements in {wo parameters
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of “discovery space” —angular resolution and sensitivity- is a challenging exercise, depending as it must on
extrapolating from the frontiers of knowledge reached only a few years ago. We have chosen to meet that
challenge by illustrating the potential of these new tools for enabling major advances in understanding three
areas — the origin of structure in the universe, the origin and evolution of galaxies, and the origin of stars

and planetary systems.

The Origin of Structure in the Universe

Prior to 1980, observational cosmology could be defined as the search for two numbers: H, and g¢,,
the expansion rate of the universe and its rate of change. Even though exact values for these two numbers
have remained elusive, cosmology in the 1980s came to include the formation and evolution of large scale
structures in the universe, and the origin and distribution of massive aggregates of galaxies and matter
which (locally) distort the uniform expansion of the universe (the Hubble flow).

Advanced detectors enabled the determination of redshifts (recession velocities expressed in units of
the speed of light) for large samples of relatively nearby galaxies and, in combination with extant imaging
surveys provided the first three-dimensional (distance from earth, in addition to the projected location on
the celestial sphere) maps of the distribution of galaxies in local universe. The result was both startling and
unexpected: galaxies are not distributed randomly in space, but appear to lie along thin, web-like structures
separated by great voids. Over what scales do these web-like structures persist? At present we don'’t know
— because despite ten years of concerted effort we have been able to provide a 3-dimensional map covering
only 0.01 percent of the potentially observable universe.

The 1080s also witnessed the development of new techniques to measure the relative distances to
galaxies — for example the relations between velocity dispersion or rotation velocity and a galaxy’s integrated
luminosity or size. Plots of galaxy recession velocity (obtained from spectroscopic measurement of doppler
velocity) against the distances derived from the these new indicators, revealed local changes in the expansion
rate of nearby galaxies which astronomers attribute to a massive aggregate known as the “Great Attractor.”
Whether the “Great Attractor” is unique, or representative of a large number of such aggregates is unknown,
because at present we have accurate relative distances to fewer than 1000 galaxies. Accurate measurements
of distortions in the Hubble expansion rate are needed to determine the gravity field and match it to the
galaxy distribution - to test for the existence of “dark” (unseen) matter in the universe, and if found, to
measure its quantity and location. - A

During the 1990s, the construction of new generation 4-m and 8-m class telescopes will enable great
strides in understanding the structure and distribution of matter within the universe. Three fundamental
goals for observational cosmology in the 1990s are:

o to map the 3-dimensional distribution of “nearby” galaxies to redshifts z ~0.1. This program will require
measurements of redshifts for 1 million galaxies selected from deep, uniform, all sky surveys. Because
these systems will be 5 to 10 times fainter than those surveyed to date, it will be necessary to carry
out the redshift measurements with new generation 4-m class telescopes equipped with multi-object
spectrographs capable of simultaneous observations of hundreds of galaxies over a 2° field. Even with
such powerful facilities, it will require ~8 years per celestial hemisphere to observe the ~ 1 million
galaxies necessary to complete this redshift survey.

e to map the gravity field - deduced from distortions in the uniform Hubble expansion - out to a
redshift z ~0.03. To carry out this program requires accurate relative distances to approximately
10,000 galaxies. Distances can be obtained with accurate photometry, made available from deep all-sky
surveys, and measurements of galaxy velocity dispersions or rotational velocities. To make these latter
measurements requires approximately 1 hour per galaxy on a new generation 4-m class telescope.
Because these nearby galaxies are relatively isolated, simultaneous measurements with multi-object
spectrographs cannot provide major increases in observing efficiency. The basic program will thus
require more than 5 years to complete.

e to study the evolution of large-scale structure in the universe by mapping the distribution of galaxies and
clusters of galaxies at z > 1, and comparing structures in the young, distant universe with “old”, nearby
structures. This requires that we complement our map of the nearby (z <0.1) galaxy distribution, with
redshift determinations for galaxies at redshifts near and beyond unity. Appropriate samples of distant
galaxies must be assembled from small area, deep imaging surveys with 4-meter class telescopes, and
x-ray (ROSAT and AXAF) surveys for galaxy clusters. To sample a region comparable to the 1 million
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galaxy “local” survey will require redshifts for ~100,000 distant (z > 1) galaxies to a magnitude limit
of B=24 in a 100 square degree area. Obtaining redshifts of this large a sample of faint galaxies will be
enabled by new generation 8-m class telescopes. Even so, this project will require approximately § years
on an 8-m class telescope equipped with a multi-object spectrograph capable of observing 100 galaxies
simultaneously. Such a survey would, however, be of profound importance: it would allow detailed
comparison of the topology of structures in the universe now, and at an epoch when the universe was
less than 30 percent of its current age.

The Origin and Evolution of Galazies

During the 1980s, astronomers carried out challenging spectroscopic observations which led to the
discovery of the most distant systems known in the universe: quasars with redshifts z > 4, and radio
galaxies with z > 3. These observations provide evidence that some, perhaps the majority of galaxies must
be assembled and must begin forming stars at z > 5, and thus provide strong motivation to extend current
searches to higher redshifts (earlier epochs in the life of the universe) in order to locate galaxies just taking
form from protogalactic clouds. Identifying the epoch of galaxy formation, defining the structure of young
galaxies, and characterizing star formation and chemical element production early in the lifetime of these
systems, represent fundamental steps toward understanding the origin and evolution of galaxies.

At z > 5, galaxies will be faint (K > 22 mag), their angular size will be small (3" to 10”"), and light
from the visible region of the spectrum will be shifted to the 2 um window. Comparison of the structure
and chemical composition of these distant young systems with that of more evolved systems at lower
redshift — and thus charting their early evolution — will require sensitive, high angular resolution imaging
and spectroscopy in the infrared. It is the infrared which carries fundamental information regarding the
underlying structure of the galaxy through its sensitivity to light emanating from intermediate and low mass
stars—the likely dominant constituents of these systems, optical measurements will likely be overwhelmed
by (restframe) ultraviolet light emerging from complexes of newly-born massive stars. Infrared spectroscopy
of red-shifted emission features such as [O III] and HB will provide the basis for determining chemical
composition and estimating the vigor of star-forming events.

New generation 8-m telescopes will enable the study of forming galaxies:

e by locating candidate forming galaxies by means of deep optical and infrared images which measure
galaxy color, emission line strength, and morphology (based on high angular resolution images). With
current generation 4-m class telescopes, deep imaging of galaxies with K ~ 21 mag requires 12 hours
of integration. Surveys to the even fainter limiting fluxes required to locate galaxies at z > 5 must be
carried out with '8-m telescopes. Because these faint galaxies must be viewed against the background
emission from the telescope, it is also essential that one or more of these telescopes be designed for
low emissivity operation in the infrared. Furthermore, the likelihood that forming galaxies will exhibit
small-scale structure (nuclear starburst regions; giant H II complexes) places great premium on high
angular resolution in order to achieve maximum sensitivity in imaging forming galaxies at high redshifts,
and in characterizing their morphology.

e through their ability to measure redshifts for these extraordinarily faint systems. Redshift determina-
tions for systems at z > 3 at optical wavelengths require hours of time on current generation 4-m class
telescopes, and are not yet possible in the near infrared even on the largest available telescopes. The
new generation of 8-m telescopes will provide the increase in sensitivity necessary to enable redshift
measurements and spectroscopic analyses of systems beyond z = 3, and the power necessary to observe
the large samples of forming galaxies over the redshift range z > 5 to z ~ 2 required to understand the
galaxy birth process and the early evolution of these systems.

The Origin of Stars and Planetary Sysiems

Before 1980, it was known that stars form in cold, dark aggregates of matter known as “molecular
clouds.” Studies of the stellar populations of young stars just emerging from stellar wombs had provided
astronomers with a rudimentary picture of how these objects evolve prior to igniting hydrogen in their
cores and becoming stable, main sequence stars. During the 1980s, sensitive mm-wave, optical and infrared
measurements from the ground, and the launching of the IRAS satellite provided a number of profound
surprises and revolutionized our understanding of the star formation process:

e mm-line observations of molecular clouds revealed that stellar birth is a violent process, accompanied
by energetic outflows, sometimes mapped by highly collimated jets of hot plasma;
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e IRAS observations at infrared wavelengths revealed emission from extraordinarily young stars, still
being assembled from material contained within dense, opaque protostellar cores which obscure the
birth process at optical wavelengths;

e IRAS and ground-based infrared images of molecular clouds revealed that some clouds seem to produce
new stars quickly and with high efficiency, while others form stars more slowly and convert only a small
fraction of their store of molecular material into stars;

e Ground-based, IRAS, and mm-continuum photometric measurements, along with high resolution spec-
troscopic observations made it plain that a large fraction of solar-type stars are surrounded by disks of
solar-system dimension and of mass comparable to or greater than the mass of material out of which
our solar system is thought to have formed;

During the 1990s, a variety of new and powerful instruments - HST, ISO, SIRTF, SOFIA , single
dish mm- and sub-mm wave telescopes, and mm interferometers — will enable qualitatively new kinds of
measurements which should effect even more dramatic transformations in our understanding of star and
planet formation.

Ground-based O/IR telescopes of diameter ~8-m will play a central role in our quest to understand
stellar and planetary birth by virtue of their potential to provide both diffraction-limited images from 1.6 um
to 20 pm , and light gathering power sufficient to permit ultra-high resolution spectroscopy of young stars
and their circumstellar environs.

The new generation 8-m class telescopes will permit us for the first time:

e to obtain infrared images and spectra of extraordinarily young stars, associations, and clusters deeply
embedded within their natal cores, and to understand the relationship between star formation efficiency,
the stellar initial mass function and the physical properties of parent cores and molecular clouds.
Equipped with adaptive optics, such telescopes will be sufficiently powerful to allow us to image
forming stars and clusters even in cores obscured by up to 50 magnitudes of visual extinction and to
separate young stars in newly-formed stellar clusters with densities exceeding 2 x10* stars pc3, and
to obtain the photometric and spectroscopic measurements necessary to place these objects in the HR
diagram - not only in relatively nearby regions of low mass star formation, but also in more distant
molecular clouds where much rarer high mass PMS and young MS stars must be studied. What kinds
of clouds/cores give rise to high mass stars and how do they differ from regions where low mass star
formation is the rule? Is star formation in the Milky Way and other galaxies bimodal? Under what
conditions do bound clusters, multiple and binary stars form? How does the early evolution of high
mass stars differ from their low mass counterparts?

e to obtain images of solar system-size circumstellar disks surrounding nearby solar-type PMS stars with
unprecedented clarity, and to study the kinematic properties of such disks. By use of adaptive optics,
we can trace the distribution of solid material within the disk at effective spatial resolutions of ~ 5
to 10 AU, by observing light scattered by circumstellar dust. By virtue of their large collecting area,
8-m class telescopes will allow us to obtain disk rotation curves from analysis of R ~100,000 infrared
spectra of photospheric light scattered by circumstellar dust, or of resonantly-scattered molecular line
radiation.

e to study the gas content and gas/dust ratio for circumstellar disks throughout the disk, and as a
function of time. The photon gathering power and high spatial resolution of 8-m class telescopes will
allow us to trace emission from CO, NHj, SiO, and from small (50 atom) grains as a function of position
within disks surrounding stars of differing age, and to compare the observed distribution of gas with
that of the dust as inferred from infrared imaging and photometric measurements. Can we observe gas
rich disks — the structures expected following the assembly of distributed disk dust into planetesimals?
Over what range of ages can we detect disk gas and how severe a constraint does the gas survival time
place on the timescale for assembling giant, gas-rich planets similar to Jupiter? What role do T-Tauri
winds play in dispersing the disk gas? '

e to obtain multiple high spatial resolution images of collimated stellar outflows (“jets”) emanating from
embedded young stars, in order to learn how these structures become collimated, and how they evolve.
With adaptive optics, 8-m class telescopes will provide a spatial resolution of ~ 0.05' at 1.6 um, which
will allow us to obtain images and spectra of jets to within 5 to 10 AU of the stellar surface, and to
define their relation to disk and protostellar core structures. By observing embedded and emerging
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PMS stars of differing ages, we can learn whether outflows remain highly collimated throughout the
phases of PMS star evolution when disks are present. If they do, how are gas and dust cleared from
post-planet building disks?
® to obtain images and spectra of substellar mass, close companions of PMS stars. 8-m class telescopes will
provide the photon-collecting power to derive accurate effective temperatures from moderate resolution
spectra, and luminosities from broad-band photometry, for sub-stellar objects of luminosities as small
as 1075 Lg. With adaptive optics providing diffraction-limited images at 1.6 um, such objects can
be imaged at separations as small as 10 AU from a companion PMS star in the nearest star-forming
complexes. By locating substellar mass objects associated with PMS stars, we will 1) be observing
them at their earliest evolutionary stages when they are expected to be most luminous, 2) be able to
determine their approximate ages (from the ages of their PMS companions), and thereby to confront
theories describing the evolution of such objects, and 3) to determine whether low mass companions
are likely formed within the circumstellar disk of a parent PMS star, or via a separate fragmentation
and collapse process within a common molecular core. Do large planets and ultra low mass stars have a
common origin or is one class of objects assembled within disks and the other form via fragmentation?
To observe the terrestrial planet-forming regions of pre-planetary disks will require an order of magnitude
gain in angular resolution, and thus the development of ground-based optical/infrared interferometers. Such
interferometers can provide the angular resolution and sensitivity necessary to probe the structure of planet-
forming disks around several hundred nearby (100 < d < 200 pc) young solar-type of ages ranging from 1
Myr to 20 Myr, and will for the first time enable astronomers to image planetary systems in differing stages
of development.

Technical Developments of the 1980s and Opportunities for the 1990s

Our ability to design the facilities and instruments which enable these fundamental investigations results
from advances in telescope and detector technology during the 1980s.

Advances in Telescope Technology

In its review of astronomy at the beginning of the 1980s, the Field Committee strongly recommended
investments aimed at developing the technology to enable the construction of a new generation of large
optical telescopes. Vigorous efforts involving a combination of private, state and federal resources have led
to a veritable revolution in our thinking about large telescopes: as we enter the 1990s, almost every aspect
of telescope design is viewed from a dramatically different perspective:

e Two approaches for constructing large primaries were developed:
® (1) active primary mirror surfaces comprised of multiple glass mirror segments
® (2) monoliths of ultra-lightweight honeycomb borosilicate glass
e New polishing techniques were developed which enable reduction of telescope focal ratios, from /3 to
~f/1, with a corresponding ~threefold decrease in overall telescope size relative to mirror diameter;
e Finite element analysis enables thorough and accurate analysis and optimization of mechanical and
optical support structures;
e Advances in control systems (computers and electronics) enable the design of active control systems for
monitoring and correcting mirror figures and maintaining the performance of the entire optical system;
e Advances in understanding the influence of wavefront distortion introduced by the local telescope
environment provide the potential for dramatic improvements in image quality through reduction of

“dome seeing”;

These advances have enabled the planning of a new generation of large (8-m and 4-m diameter)
optical/infrared telescopes which will provide higher image quality and superior overall performance than
any telescopes built to date, and can be built at far lower cost per square meter of collecting area.

In order to remain at the forefront of asironomical research worldwide, it is necessary o take advanilage
of these technological developments to consirucl e new generation of optical/infrared telescopes in the United
States.

Advances in Detector Technology
While no major ground-based optical/infrared telescopes were constructed in the United States during
the 1980s, ground-based O/IR astronomy nevertheless witnessed a revolution in observing power, driven in
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large measure by the introduction of sensitive, large format optical (charge-coupled devices, or CCDs) and
infrared arrays. US astronomers have incorporated these array detectors in a variety of instruments which
have multiplied the sensitivity of extant telescopes by factors of tens to hundreds. These advances are a
direct result of United States leadership in the development of sensor technology.

o At optical wavelengths CCDs (now of dimension 2048x2048 pixels) provide an order of magnitude
improvement in sensitivity over previous detectors, and offer major improvements in geometric and
photometric stability. Introduction of large format CCD detectors has enabled high precision photomet-
ric studies of stars and galaxies, monochromatic imaging, sensitive multi-object spectroscopy of stars
and galaxies, and high (S/N > 100) signal/noise echelle spectroscopy.

o At infrared wavelengths, array technology has progressed dramatically during the past § years. In the
wavelength regime A < 5um, devices as large as 256x256 pixels have rapidly replaced the single detector
systems which, until the mid-1980s, were the standard. It is new possible for the first time to image
astronomical objects at infrared wavelengths, to obtain spatially resolved spectra of extended sources,
and to build high spectral resolution cryogenic echelle spectrographs.

During the next decade, it will be necessary to build larger format optical and infrared detectors
characterized by lower read noise, faster read times, and broader wavelength response. It is imperative that
astronomy take full advantage of US strengths in advanced optical and infrared sensor technology to develop
array detectors matched to the new generation of O/IR telescopes. Detector performance and availability
are sine qua non for competitive instrument performance on all telescopes.

It will thus be necessary to make a sirong commitment lo continued development of advanced sensors,
and to evolve strategies for bulk purchases and distribution of detectors for use by the US astronomical

communily.

Auziliary Instruments

The availability of sensitive array detectors and the rapid evolution of sophisticated image analysis
techniques enabled by advanced computer technology, has led to development of instruments far more
complex and powerful than the photometers and spectrographs built prior to 1980. Among the most
dramatic advances have been:

e the introduction of spectrographs capable of obtaining spectra of large numbers of stars or galaxies
simultaneously. Multi-object spectrographs can reduce observing time for many survey programs by
~100-fold.

e the development of cryogenically-cooled infrared spectrometers which enable two-dimensional spec-
troscopy of infrared sources at moderate spectral resolution, and promise within the next year ~1000-fold
gains in sensitivity for carrying out high spectral resolution studies.

The availability of more advanced array detectors will enable more powerful versions of these and other
instruments to be constructed during the 1990s, and will extend their capabilities to broader wavelength
ranges. In order to take full advantage of the potential gains offered by telescopes of advanced design, it
will be necessary to develop instruments matched specifically to these telescopes.

The new generation of large telescopes will require a major investment in instrumentation which will
differ in scale and design from the instruments of the 1980s.

Pioneering a New Frontier: High Angular Resolution O/IR Astronomy

The advances of the past decade enable the design and construction of a new generation of ground-based
optical/infrared facilities which can provide order of magnitude gains in angular resolution and sensitivity
Indeed, the 1990s promise to be the decade in which astronomers throughout the world exploit these
advances to pioneer a new frontier: high angular resolution infrared and optical astronomy.

A deep, long exposure of an astronomical object, even one taken with a large optical/infrared telescope
located at the best site in the world, at present produces images of point sources which are blurred to
a diameter of > 0.5”, and will thus not reveal details on resolved sources on angular scales smaller than
~ 0.5"". This image blurring, or “seeing” results from distortions in the incoming wavefront produced by the
combined effects of multiple, rapidly moving turbulent elements at all levels in the earth’s atmosphere above
the telescope. If the atmosphere were removed, that same telescope would concentrate the light from a star
into a diffraction-limited core (of dimension 0.02” at 0.55 um, and 0.05" at 1.6 pum for an 8-m telescope),
and would resolve features comparable in size to the diffraction limit in extended sources.

The strong desire to overcome the limitations imposed by the atmosphere in order (1) to improve our
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ability to detect faint point sources; (2) to improve the image clarity for resolved, often distant sources
and (3) to enable for the first time the resolution of structures hidden from view by the “blur” introduced
by the atmosphere, were among the primary factors motivating the development of the Hubble Space
Telescope. Even though the HST mirror is of only modest (2.3 m) size by current ground-based standards,
its location above the earth’s atmosphere can potentially provide a diffraction-limited image which results
in a ~ 100-fold increase in sensitivity for point sources and a 10 times increase in angular resolution at
ultraviolet and optical wavelengths.

Even the resolving power of HST will be unable to probe the centers of active galaxies, to image forming
galaxies, or to resolve the terrestrial planet-forming regions around solar-type stars. These and other exciting
problems have motivated astronomers worldwide to design and build telescopes and instruments capable of
providing even greater sensitivity and image clarity. During the 1980s, instrumentalists have developed a
variety of novel techniques for improving the image quality achieved with ground-based O/IR telescopes.
The results of their efforts have borne fruit, and during the 1990s will enable:

e sensitive imaging with diffraction-limited resolution (0.05'" at 1.6 um and 0.02” at 0.55 um) using the
full aperture of 8-m class telescopes by means of a technique known as adaptive optics ; by comparison,
HST will provide images of size ~ 0.07' at 0.55 pm. At this angular resolution, it will be possible to
study stellar populations in the nuclear bulges and disks of nearby galaxies, probe the planet-forming
regions of primordial solar nebulae, and image solar system bodies to resolutions of ~75 km at the
distance of Jupiter.

e imaging with potential angular resolutions of ~0.002" at 1.6 um and ~0.0005" at 0.55 um with
interferometric arrays of moderate-size telescopes separated by ~200 meters. At this angular resolution
it will be possible to image the narrow emission line regions of active galactic nuclei, accretion disks in
close binaries, and expanding envelopes surrounding late-type stars.

Adaptive Optics

Adaptive optics is a technique which makes use of sensitive array detectors and high performance
computers (1) to detect and model the amount by which an incoming plane wavefront from a celestial
source is altered by the atmosphere (using a a device known as a “wavefront sensor”); and (2) to use that
information to command a fast servo system to alter the figure of a flexible optical element (an “adaptive
mirror”) by an amount necessary to compensate for constantly varying atmospheric distortions.

There are three parameters that are basic to understanding the vocabulary of and concepts underlying
adaptive optics. The first is ro, the atmospheric correlation length. An incoming plane wavefront from a
celestial source is distorted randomly by moving turbulent elements in the atmosphere above the telescope.
One can think of the primary mirror as comprised of a large number of patches, each of dimension rg, over
each of which the wavefront is approximately (and instantaneously) flat, but tilted relative to its neighboring
ro patch; the patch-to-patch it differences correspond to phase differences in the incoming wavefront. The
parameter ¢ is the characteristic spatial scale over which the rms phase differences (or wavefront tilts) are
less than one radian. At 0.55 um, 79 ~ 20 cm under conditions of of excellent (0.5'') seeing. The “wavefront
sensor” uses a bright reference object (either the star itself, a nearby star or an artificial star) to model
the distortions in the incoming wavefront wrought by the earth’s atmosphere in terms of an ensemble of
wavefront tilts over the (D/ro)? patches covering the primary mirror (of diameter D).

The second parameter is 7y, the atmospheric correlation time. If one imagines the turbulent elements
responsible for atmospherically-induced wavefront disturbances as being swept rapidly past the telescope by
the wind at some speed, v, then the characteristic time over which the wavefront tilt over a given ry patch
changes by one radian is 7y = ry/V. For a typical windspeed of 10m/s, 7o is typically 20 msec at 0.55 pm.

The third parameter is 1, the 1soplanatic paich angle. If one imagines a pair of stars, A and B, separated
by an angle i, then i is the separation within which the relative tilts of the wavefronts emanating from A
and B do not exceed one radian; i is thus the angle subtended by a patch of dimension r, viewed from the
height of the atmospheric layer where the wavefront tilts originate. The characteristic height of this layer
above the telescope is or order 10 km, so that at 0.55 pm, i ~4".

The challenge of adaptive optics is to sense wavefront tilts in a time short compared with the atmospheric
correlation time by using the imaged celestial source itself or an adjacent source which lies within the
isoplanatic angle, and to signal corrections to a flexible adaptive mirror equipped with (D/rg)? actuators.
In Table 1, we summarize characteristic values for rg, 79, and 4, assuming 0.5"’ seeing, an 8-m telescope and
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Table 1. Characteristic Parameter Values for 0.5 seeing,
8-m telescope 10 m/sec windspeed

A | or |(D/ro)? | 7 | (3/D) |iso-angle
(pm) | (cm) (msec) | (arcsec) | (arcsec)
05| 20| 1600 | 20 | 0.013 4
0.9 | 40| 400 40 | 0.026 8
1.6 84 90 B4 0.042 17
22| 118| 46 118 | 0.057 | 24
48| 300 7 300 | 0.124 | 62
11.0| 816 1 816 | 0.284 | 142

a (typical) wind speed of 10m/s. This table illustrates the dramatic differences in the complexity of adaptive
correction systems as a function of wavelength: it is far easier to effect adaptive corrections in the infrared
because (1) fewer actuators are required; (2) the wavefront tilts can be measured more easily using fainter
reference stars because the correlation time is longer and the effective “collecting area” that can be used
is proportional to r3; and (3) more reference stars are available for effecting adaptive corrections for faint
sources because ry, 7, and i are larger.

Early applications of adaptive optics by European astronomers working with the 3.5m NTT in Chile
have already produced images at 2.2 pym in which a large fraction of the power is contained within a core
whose size is that of the dtﬁractton limit of the telescope. Experiments underway at the University of Hawaii
suggest that dramatic gains in image quality at near-infrared wavelengths may be achleved with very simple
adaptive mirrors having relatively few actuators, N « (D/ry)%. These results make us confident that full
adaptive corrections will be possible at A > 1.6um within a few years.

In contrast to the infrared, adaptive corrections at optical wavelengths require thousands of actuators
to deform the adaptxve Imrror Moreover, the paucxty of bnght reference sources expected within the smaller

wavelengths. In this scheme, a bright laser beam is used either to excite sodium atoms in a layer at ‘the J
top of the atmosphere, or to backscatter off air molecules. By suitably focusing the beam of the pulsed
“laser gtar” onto the relevant dlsturbmg layer in the atmosphete and tlmmg the return laser pulses, one can

program will required in Qr}jer to prov1de full adaptlve corrections at optical wavelengths.

Ground-Based Optical/Infmred Interferometry

During the 1980s, astronomers made great strides in another very promising direction for achieving
ultra-high angular resolution: optical/infrared interferometry. The technique of combining and interfering
beams from widely separated telescopes has been used for more than four decades by radio astronomers
to provide high angular resolution i lmagmg at cm- and more recently at mm- wavelengths. The challenge
of constructing an interferometric array is far more daunting at O/IR wavelengths primarily because the
earth’s atmosphere is far less benign at these wavelengths. Atmospheric distortion of incoming wavefronts
from celestial sources vastly complicates efforts to track interference fringes, and to make use of the full
aperture of each component of the array.

Despite these problems, great progress has been enabled by advances in both computer and detector
technology, and by the ingenuity of pioneering experimentalists:

o fringe tracking for significant time periods was first achieved in the mid-1980s by a team of French
astronomers operating a two-element optical interferometer at baselines ~100 meters. US groups have
recently enjoyed major successes as well, and appear on the verge of developing imaging interferometers
capable of observing bright optical and infrared sources.

e astronomers in the US made use of the separate 1.8m mirrors comprising the Multiple Mirror Telescope
to establish the feasibility of interferometric imaging over fixed baselines of ~10m; This success with
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the MMT led European and US astronomers to design the Very Large Telescope, the Keck telescope,

and the Columbus Project to provide interferometric capability with fixed baselines.

e a number of pioneering groups in Europe and the US have begun to build interferometric arrays of
small telescopes operating both at infrared and optical wavelengths, and over variable baselines ranging
up to several hundred meters.

¢ parallel advances in adaptive optics technology offer the promise of making use of the full area of large
array elements, and thus of building imaging systems capable of high sensitivity observations at infrared,
and later, optical wavelengths.

Interferometry, first with fixed baseline arrays of ~20-50m, and later with variable baselines extending
to several hundred meters or longer, promises to provide infrared and optical images with angular resolutions
exceeding 0.002".

The ability to study the optical/infrared sky at high sensitivity and at angular resolutions 10 times and
later 100 times current capabilities will enable new of classes of astronomical research. Interferometers will
allow us for the first time to image the surfaces of stars, to observe planets outside the solar system, and to
image the regions surrounding the engines which power active galactic nuclei.

It is imperative lo invest in a major effort aimed at developing high angular resoluiion astronomy at
optical/infrared wavelengths (1) by developing and applying adaptive optics technology to enable sensitive
diffraction-limited imaging by large ground-based telescopes, and (2) by combining adaptive optics and
interferometry to produce sensilive imaging at resolutions 0.001" and greater. Support of this pioneering
effort will be essential to maintaining US leadership at the frontiers of astronomy at the beginning of the
next century. Such investments would represent a continuation of a strong US commitment to developing
technically advanced radio interferometers which provide the highest feasible angular resolution- beginning
with the Very Large Array (operating at cm wavelengths) in the 1970s, continuing with the Very Long
Baseline Array (cm wavelengths) in the 1980s and culminating with construction of the Millimeter Array in
the mid- to late- 1990s. The technology base developed in the 1980s combined with a vigorous development
program in the 1990s, will provide the basis for designing an optical/infrared analog of the VLA during the
the 1990s, and building the array during first decade of the next century.

Ground-Based Optical/Infrared Astronomy Outside the US

Our colleagues in Europe and Japan have recognized that leadership in astronomical research requires
investment in a new generation of optical/infrared facilities. The Japanese government is committed to
building an advanced technology 8-m class telescope on Mauna Kea in Hawaii. The European Southern
Observatory (operated by a consortium of European countries) has just completed a 3.5-meter diameter
New Technology Telescope. Equipped with an active system to control the mirror figure, and with adaptive
optics to compensate for the blurring effects of the earth’s atmosphere, the NTT has recorded the sharpest
images ever made from the ground. ESO has also committed more than $200M toward the construction of
a powerful, technically advanced optical telescope — the Very Large Telescope. The VLT, with an equivalent
collecting area of 16-m, provides more than twice the light gathering power of the largest planned US facility.
The VLT promises gains not only in light gathering power, but in angular resolution as well. When fully
operational, the VLT can be operated as an interferometric array, capable of providing optical images with
angular size 0.005". These facilities will provide astronomers in Europe and Japan with the tools needed to
carry out frontier research in the era of the Great Observatories.

As scientists, we rejoice in the success of our colleagues in other countries and look forward to the
discoveries which will inevitably ensue as the power of these new facilities is unleashed. As citizens, we are
concerned that US leadership in astronomy (as in other sciences) is presently based largely on returns from
investments and plans made in the 1960s and 1970s. Without a strong commitment in the 1990s to join
the competition for astronomical leadership worldwide, the relative qualilty of US astronomy will inevitably
decline.

Central to US competitiveness in astronomy is the development of world class ground-based opti-
cal/infrared facilities. In the following sections, we recommend an investment strategy — based on the
technical and scientific opportunities we perceive for the next decade — aimed at preserving US competitive-
ness in ground-based O/IR astronomy during the 1990s and positioning the US to establish leadership in
high angular resolution O/IR astronomy at the beginning of the next century.
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RECOMMENDATIONS OF THE PANEL: LARGE SCALE PROGRAMS

Priority 1: A Coordinated Program For Large O/IR Telescopes

Background

Ground-based optical and infrared observations of faint celestial sources are currently limited in
sensitivity by the amount of light telescopes can collect and measure, by the brightness of atmospheric
and telescope emission, and by the blurring of images introduced by the earth’s atmosphere. In the past,
improvements in detector efficiency and instrument design could provide large increases in sensitivity at
relatively modest cost. However, detector performance is now pressed close to theoretical limits, owing in
great measure to US leadership in developing advanced optical and infrared array semsors with quantum
efficiencies approaching unity. Hence, major improvements in telescope performance are necessary in order
to provide the sensitivity to address frontier problems in astronomy.

Following a decade of successful technology development, optical and infrared astronomers are poised
to build a new generation of powerful ground-based telescopes. Major advances in telescope collecting area,
the optical quality of large mirrors and overall telescope systems, and in the image quality produced by
earth-bound telescopes through the use of adaptive optics, promise a 10 fold increase in angular resolution
and up to 100 fold the sensitivity of the largest extant facilities. These advances will enable qualitatively
new astronomical observations. We therefore recommend a vigorous program for the development of §-m
class telescopes in the United States. This program includes as an integral component, development of the
adaptive optics systems and the auziliary instrumentation required to realize the full potential of these frontier

research tools.

New Science Enabled by Greater Collecting Area

The first gains to be realized by large telescopes are in sensitivity-achieved simply as a result of their
larger collecting area. We list below ezamples of key programs which would require years or decades of
observing time on existing 4-m telescopes. Further progress on these programs thus awaits the increase in
collecting area provided by 8-m diameter telescopes:

e determining the large-scale structure of the universe at early epochs through measurement of redshifts

for large (~100,000) samples of galaxies at high redshift (z > 1);

e determining the distribution of quasars in space and time, especially at early epochs (z > 3) where
quasars illuminated the universe for the first time; '
e probing the chemical evolution of galaxies as a function of lookback time from high resolution spectro-

scopic observations of metal lines produced in multiple intervening galactic halos and seen against the

background light of distant quasars;

e comparing the age of the Universe as derived from the Hubble expansion parameter with accurate age
determinations for the oldest known observable systems, globular clusters; these age determinations will
be enabled by sensitive spectroscopic observations which can provide accurate distances and chemical
abundances for stars in Milky Way globulars;

e carrying out study of stellar oscillations through high signal/noise, high resolution spectroscopy, and
determining the internal structure of stars other than the sun.

Most of these problems require not only increased collecting area, but the observation of large samples of
objects. Some are feasible only if the development of 8-m class telescope is accompanied by the construction
of advanced multi-object spectrographs capable of simultaneous observation of several hundred objects
within fields of view of dimension 20’ to 30'.

New Science Enabled by Diffraction-Limited Imaging

The development of adaptive optics for use with 8-m optical/infrared telescopes will provide diffraction-
limited images at near- and mid- infrared wavelengths, A > 1.6 um by mid-decade, thereby improving image
quality by nearly tenfold when compared with typical atmospheric seeing.
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By reducing the size of a stellar image from the seeing-limit to the diffraction-limit of the telescope, faint
point sources will stand out far more prominently against the background produced by night sky emission
and by the thermal radiation emanating from the telescope itself. Not only will sensitivity to faint sources
be improved, but the diffraction-limited images provided by adaptive optics will also 1) resolve objects in
crowded, source-confused regions; and 2) reveal and resolve structures heretofore hidden from view within
the seeing disk. Ezamples of the power of adaptive optics used in combination with large ground-based
telescopes to enable attacks on new classes of problems include:

o determining the morphology, star-forming activity, and chemical composition of galaxies at their
formation epoch, by means of high resolution imaging and spectroscopic studies in the red and near
infrared spectral regions;

e determining the stellar content and mass distribution of the Galactic Center through imaging and
spectroscopic studies of this optically-obscured, densely-populated region at 2.2 um;

o determining the efficiency of star formation and constraining the initial mass function from infrared
imaging and spectroscopic observations of obscured regions of highly-efficient star formation — analogs
to the Orion cluster, where the stellar density may exceed 20,000 stars/pc~3, and the mean separation
between faint stars is < 1.

e determining the structure, mineralogy, and gas content of solar-system size disks predicted to surround
young, solar-type stars, thus providing astronomical constraints on the evolution of primordial solar
nebulae. Pre-planetary disks are expected to have diameters ~100 AU or 0.7" around the nearest young
stars, and are thus hidden within the seeing disk of the bright parent object.
obtaining images and spectra of massive planets and sub-stellar mass companions located within 1" of
parent stars with ages 10 Myr and less, when such sub-stellar mass objects are most luminous;

e obtaining spectroscopic and imaging observations of planets within the solar system at angular res-
olutions ~0.05", thereby enabling remote studies of surface mineralogy (Mars) and of atmospheric
structure and composition (Jovian planets);

The gains offered by adaptive optics are potentially so great that we recommend that during the decade,
all 8-m telescopes in the US be equipped with systems capable of full adaptive corrections in the near-infrared.
Full corrections at optical wavelengths will involve more complex wavefront sensors and adaptive mirrors,
and will likely be achieved only toward the end of the decade, following investment in a significant research
and development program.

Ezpected Performance Gains

The quantitative gains expected from 8-m class telescopes depend upon the nature of the problem and
the telescope performance. In Table 2, we summarize these gains for observations in which the signal/noise
ratio of a given observation or the required observing time is limited a) by the flux of incoming photons
from a source (for example, most high spectral resolution observations at optical wavelengths); and b) by
the background emission from the night sky or the telescope (e.g. low resolution spectroscopy of galaxies;
detection of excess mid-infrared emission from circumstellar disks surrounding young stars). We consider
two cases

e that the observations are limited by atmospheric seeing as is the case for telescopes with no adaptive
corrections for incoming wavefront distortions;

e that diffraction limited images are achieved; 8-m telescopes equipped with modest adaptive optics
systems will deliver diffraction-limited imaging at wavelengths as short as 1.6 um by mid-decade or
before.

For photon-limited observations, the time required to reach a fixed S/N will be decreased by a factor
of 4 for an 8-m compared to a 4-m diameter telescope. This gain will enable high resolution, high S/N
spectroscopic studies of large samples of objects currently beyond the practical limits of 4-m class telescopes
(e.g. observations of unadulterated atmospheric chemical compositions for globular cluster main sequence
stars). For background-limited observations, the time required to reach a fixed S/N will again be decreased
fourfold for telescopes lacking adaptive optics. This gain will, for example, enable the assembly of redshifts
for large samples of galaxies at the limit of the observable universe (z > 3). With adaptive optics, the time
required to reach a fixed S/N will be decreased by 16 times for faint point sources observed against sky or
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Table 2. GAINS WITH INCREASING TELESCOPE DIAMETER

Seeing-Limiled Diffraction-Limited
Unresolved Resolved Unresolved  Resolved

Source Source Source  Source(pix)~?

Photon-Limited Observations

S/N D! D! D! D°

1/time (fix S/N)  D? D? D? D°
Background-Limited Observations

S/N D! D! D? D°

1/time (fix S/N) D? D? D* D°

telescope background. The gains for infrared photometric and spectroscopic studies (e.g. of faint stars or
unresolved obscured galactic nuclei) will thus be spectacular.

Recommended Program for the 1990s

The scientific programs enabled by 8-m class telescopes equipped with adaptive optics make it certain
that such facilities will be among the leading tools of research and discovery during the next decade.
As noted earlier, US leadership in ground-based astronomy-a constant of international science since the
beginning of the 20th century—is being challenged as never before. If US estronomy is to maintain its vitality
and leadership, il is essential that a new generation of large telescopes be built during this nezt decade and
made available to members of the US astronomical community.

The response to the challenge of maintaining leadership in O/IR astronomy has thus far come from
private institutions and state universities who have raised funds for, and in some cases started to construct
8-m class telescopes. These independent large telescope efforts include (1) the nearly-completed Keck 10-m
telescope (California Institute of Technology and the University of California), (2) the Columbus Project
(University of Arizona, Ohio State University, and the government of Italy) to construct a pair of 8-m
telescopes, (3) the Magellan Project (Carnegie Observatories, Johns Hopkins University, the University of
Arizona) to construct an 8-m telescope in the southern hemisphere, (4) the Smithsonian Astrophysical Obser-
vatory and the University of Arizona project to replace the six 1.8m mirrors comprising the Multiple Mirror
Telescope with a 6.5m monolith, and (5) the University of Texas, Pennsylvania State University program to
construct an 8-m telescope specialized for spectroscopic studies. It is vital that these independently-funded
telescopes be equipped initially and continue to be equipped with the most sophisticated instruments and
detectors. This will require federal contributions over the next decade to complement the private and state
funds already committed toward construction of these facilities. It is also vital to the health of US astronomy
that the nation’s astronomers have competitive access to uniquely capable national facilities of this size.

The O/IR panel therefore recommends a coordinated program to combine federal funds with state and
private funds to build and instrument large (8-m class) US ground-based telescopes. This program should
encourage innovative new developments (e.g. adaptive optics; advanced instrumentation) and the sharing
of technologies and facilities to optimize the total national effort-independent consortium telescopes and
national observatories—in optical and infrared astronomy. The key federal contributions to this program are:

o support ($120M) for the construction of a pair of §-m telescopes, one each in the northern and southern
hemisphere. The northern hemisphere telescope should be located on Mauna Kea, and be designed and
operated to achieve optimized performance at infrared wavelengths. An infrared-optimized telescope
located on Mauna Kea will provide US asironomers with a unigue and powerful facility. Building and
operating this telescope will require (1) that all telescope mirrors be silver-coated; (2) that procedures
be developed to keep telescope mirrors dust-free in order to minimize thermal emission from optical
surfaces; and (3) that the mirror be a monolith, with a polished surface of unsurpassed quality-
sufficient to take full advantage of adaptive optics technology which promises diffraction-limited images
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at wavelengths 1.6 um and longward by mid-decade. By demanding the lowest possible telescope

emissivity and highest mirror quality, the national IR-optimized telescope will take full advantage of

the superb infrared transmission and image stability of the Mauna Kea site. The combination of
diffraction-limited imaging and high sensitivity will make the TRO uniquely capable of carrying out the
most demanding observations of forming galaxies, stars and planetary systems.

The southern hemisphere 8-m national optical/infrared telescope should be a twin of the northern
hemisphere telescope in order to achieve the cost savings which derive from commonalty of design. It
will provide US astronomers with the ability to observe the many objects (e.g. the Magellanic Clouds,
the center of the Milky Way) best studied from the southern hemisphere. The need for access to the
southern skies is particularly pressing in the era of the Great Observatories, which can observe astronomical
objects over the complete celestial sphere; without national access to a southern hemisphere 8-m class
telescope, US astronomers will be at an enormous disadvantage in characterizing new phenomena discovered
by these space-based facilities. The O/IR panel recommends that initially the southern hemisphere 8-m
telescope mirrors be coated with aluminum in order to optimize performance at optical and near-ultraviolet
wavelengths. The southern hemisphere 8-m telescope will thus complement the infrared-optimized northern
hemisphere facility, and will enable astronomers to carry out a number of important scientific problems (e.g.
studies of quasi-stellar object (QSO) absorption spectra) for with the IRO is unsuitable. At some point, it
may be desirable to coat the optics with silver in order that the southern hemisphere 8-m be able to carry
out sensitive infrared observations of objects accessible solely from the southern hemisphere.

e support ($10M - $15M) for immediate development and deployment (on all new generation US telescopes
of diameter 4-m and larger) of wavefront sensors and adaptive mirrors capable of providing full adaptive
corrections at near-infrared wavelengths. This program is critical, not only for achieving gains in
angular resolution and sensitivity, but to enable or greatly simplify development of advanced auxiliary
instrumentation for large telescopes through reduction of the image size (for unresolved sources) from
the seeing-limit to the diffraction-limit.

e support ($40M-$50M) for developing and building advanced auxiliary instruments required both for
the new generation of large O/IR telescopes. Instruments for these new generation telescopes will be
large in scale, technically sophisticated, and in many cases far more expensive than analogous auxiliary
devices on extant 4-m class telescopes. The larger instruments for these telescopes may cost in excess of
$5M. Both the pair of national 8-m telescopes and the independent 8-m projects include in their budgets
funds for an initial complement of basic instruments (e.g. optical and infrared cameras; faint object
spectrographs). Our recommendation is directed at providing the funds necessary for the development
and construction of advanced instrumentation, both for the pair of national 8-m telescopes and for the
8-m telescopes under consiruction by privale/state consortia. Examples of such instruments include

e multi-object spectrographs capable of obtaining spectra of several hundred galaxies or stars
simultaneously;

e cryogenic echelle spectrographs (which will take advantage of advances in IR array technology
in order to provide 10,000 fold improvements in sensitivity over currently availably high
spectral resolution devices).

The requirement over the decade for advanced instrumentation for these new facilities will necessitate
federal funding at a rate twice that of the current annual NSF expenditures for O/IR instrumentation.

The recommended decadal investment in O/IR instruments for large telescopes presupposes a vigorous
program to develop and distribute advanced optical and infrared array detectors (see below). Such a program
is a vital prerequisite for this recommended instrumentation program and for effective use of large telescopes
throughout the community.

The availability of funding to construct advanced instruments is a key element of our recommended
coordinated program aimed at combining federal funding with state and private resources to fully develop
the facilities and instruments required for a competitive program in ground-based optical/infrared astronomy
during the 1990s. Our program recognizes the essential role played by the private telescopes in providing the
US with the complement of large telescopes required to retain its competitive position in world astronomy:
private and state resources exceeding $150M have already been invested in or will be committed to the
construction of 8-m class telescopes. Funding for advanced instrumentation at the recommended level is
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required in order that these facilities, as well as the national 8-m telescopes be able to carry out competitive
frontier observations throughout the decade.

Our recommended funding level assumes that very ezpensive or specialized instruments will not in
general be replicated. In many cases, several teams of scientists from throughout the community may
propose competitive instrumental approaches, only one of which may be funded. If the winning team
proposes to locate a unique instrument at an “independent” observatory, national access should be made
available either through mutually agreeable financial arrangements or through exchange of telescope time.

RECOMMENDATIONS OF THE PANEL: MEDIUM SCALE PROGRAMS

Priority 1: A Coordinated Program For High Angular Resolution

Background

During the 1980s, astronomers worldwide devoted considerable effort to developing ways to increase the
angular resolution of ground-based telescopes:

e improving the local seeing introduced in the immediate telescope environment; through careful control
of the thermal environment of the dome, the size of the seeing disk has been reduced from ~ 1” to
~ 0.5'" at superior sites;

e controlling primary mirror figure and telescope focus through active corrections applied on timescales of
minutes to hours; the European Southern Observatory (ESO) NTT has achieved 0.3 images at optical
wavelengths using this technique;

e correcting for instantaneous (7 < 0.1 sec) distortions in the incoming wavefront by use of wavefront
sensors and adaptive mirrors; use of adaptive optics at the ESO NTT has produced near-infrared
(2.2 pm) images in which a significant fraction of the light is concentrated in a diffraction-limited core
of diameter ~0.14".

Our recommended program for the development of “new generation” large O/IR telescopes assumnes
building, telescope, and instrument designs that incorporate all these techniques. As a result, we confidently
anticipate that this new generation of large telescopes will produce diffraction-limited images at A >1.6 um,
and will thus routinely provide angular resolutions of 0.05'" at 1.6 um and 0.2" at 10 pm.

In order {o improve angular resolution beyond this limit requires (1) eztending diffraction-limited
observations to wavelengths A < 1.6 um, (2) consiructing larger telescopes, and (3) the development of
interferometric arrays.

Experimenters are now working on techniques to extend the capability for full adaptive corrections
to optical wavelengths. This effort will require development of sophisticated wavefront sensors, complex
adaptive mirrors and laser reference stars. When available late in the decade and used in conjunction with
8-m telescopes, these systems will provide diffraction-limited images of diameter 0.02" at 0.55 um, 3 times
the corresponding angular resolution at 1.6 um.

The design of single optical/infrared telescopes with apertures much larger than 8-m (perhaps 30 m to
50 m) now seems feasible given the advances in mirror technology and O/IR telescope design made during
the 1080s. Such telescopes would provide diffraction-limited images of size ~0.01"" at 1.6 um and 0.003" at
0.55 pum with consequent gains in both angular resolution and sensitivity to faint unresolved sources.

The 1980s also witnessed major advances in overcoming the difficulties inherent in ground-based
interferometric imaging at optical/infrared wavelengths. Following the French astronomers at CERGA,
and the experience gained in the United States by the astronomers supported by the United States Navy,
experimentalists are now confident that an optical/infrared interferometric array comprised of ~5 elements
distributed along baselines ranging up to least ~200m can be built during this decade. Such an array
could provide images of size ~0.002" at 1.6 um and 0.0007"' at 0.55 pm and sensitivity proportional to the
aggregate collecting area of the telescopes comprising the array.

The prospect of increasing the angular resolution of optical/infrared observations by 2 orders of magnitude
over the span of a decade would be nothing short of revolutionary. We therefore sirongly urge a coordinated
program for development of high angular resolution asironomy during the nezt decade. This program involves
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(1) continued development of adaptive optics to ezxtend the reduction in image size gained from application of
this technique from infrared to optical wavelengths; (2) engineering studies leading to the design of ultra-large,
adaptively-corrected single aperture telescopes; (3) vigorous support of ground-based O/IR interferometry;
and (§) engineering studies leading to the design of an optical/infrared analog of the Very Large Array.

New Science Enabled by High Angular Resolution Qbservations

By extending full adaptive corrections from the infrared to optical wavelengths, 8-m telescopes will
deliver diffraction-limited images of size ~0.02"" at 0.55 pm. Thus, in some applications, these telescopes
will provide 4 times the angular resolution and 16 times the sensitivity of HST at optical wavelengths. These
gains in angular resolution and sensitivity will be particularly critical to:

e (1) study of the stellar populations and source distribution in the nuclear bulge and star-forming regions
in nearby galaxies;

e (2) detection of Cepheid variables and M supergiants and other standard candles against the arm and
disk light of spiral galaxies;

e (3) detection and spectroscopy of globular clusters located in the halos of distant elliptical and spiral
galaxies;

e (4) probing the planet-forming regions of primordial solar nebulae associated with young stars to
distances as close as 3 AU from the surface of the parent solar-type;

e (5) imaging solar system bodies with a resolution of 0.02" (75 km at the distance of Jupiter).

Problems (1) to (3) are representative of a class of measurements which require gains in both sensitivity
and angular resolution in order to detect and analyze faint sources in crowded regions viewed against the
sky background. Problems (4) and (5) illustrate the sheer power of imaging at 0.002" resolution.

The next threshold in angular resolution that promises a dramatic increases in the range of accessible
astronomical phenomena occurs at 0.001” (1 mas) or 20 times the resolution anticipated for 8-m class
telescopes at optical wavelengths once full adaptive corrections are available. With instruments capable of
delivering 1 mas resolution at O/IR wavelengths, astronomers will for the first time be able to:

e obtain detailed images at a resolution of 1 pc of the narrow-line emission regions of active galactic
nuclei and crude structural information about the broad emission-line region of AGNs;

e image accretion disks in close binaries at resolutions of 0.1 AU

e image expanding envelopes around late-type stars with resolutions of 0.1 to 1 AU;

e image pulsating stars and monitor changes in their angular diameters;

e image planet-forming disks, jets and winds associated with young solar-type stars with resolutions ~0.1

AU;

e image the photospheres of nearby main sequence stars and more distant giant and supergiant stars;

Recommended Program for the 1990s

At present, efforts to develop high angular resolution techniques at optical and infrared wavelengths in
the United States lag behind comparable efforts in Europe. The scientific opportunities that derive from
sensitive high angular resolution O/IR imaging are so compelling that we urge strong support of a program
aimed at positioning the US astronomical community to assume leadership in this field by the beginning of
the next decade. The major elements of this program include:

e vigorous support ($10-§15M) of efforts to extend the wavelength range for full adaptive corrections from
the near-infrared to optical wavelengths. This funding level assumes the prior commitment of $10M-
$15M to build adaptive optics systems for full wavefront correction in the near infrared-already included
as an integral part of our recommended program to construct and instrument the new generation of
large O/IR telescopes. Full wavefront correction at optical wavelengths requires much more complex
wavefront sensors, adaptive mirrors involving thousands of actuators, and an artificial “laser star” to
provide the reference for measuring wavefront correction. reference source (a “laser star”) must be
developed in order to measure wavefront distortions. Full adaptive corrections extending to optical
wavelengths also makes it attractive to design large, single-aperture telescopes capable of enormous gains
in sensitivity for background-limited problems. Investment in a program to develop adaptive optics
is critical not only to achieving diffraction-limited imaging at infrared and optical wavelengths with
large single-aperture telescopes, but to enabling high sensitivity interferometric imaging, particularly at
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optical wavelengths. Without adaptive optics, the largest telescope apertures that can be used effectively
in interferometric arrays are comparable to the coherence length (7o) for an incoming wavefront: 1m to
2 m at near-infrared wavelengths, but only 0.1 m to 0.2 m at optical wavelengths (see Table 1). With
adaptive optics, the full aperture of each interferometer element can be employed.
support ($2M) for engineering efforts aimed at designing ultra-large (D > 30 m), adaptively-corrected
telescopes capable of providing dramatic gains in sensitivity and threefold increase in angular resolution.
e immediate support ($10-15M) for a few, well-focused university-based efforts to build and operate pilot
interferometers involving at least 3 small telescopes (diameter < 1 m) located along variable baselines
extending to between 50 m and 100 m. The primary goal of these interferometers is to develop efficient
techniques to enable successful optical/IR interferometry on a routine basis (e.g. fringe tracking, beam
combination, phase closure). Investment in these efforts will not only hasten development of these
techniques, but will build the necessary infrastructure of graduate students and faculty to drive further
development of interferometry. Despite their modest size and pioneering nature, we can anticipate
important scientific returns in several areas, including:

e measurement of fundamental astrophysical quantities such as stellar masses, luminosities
and diameters;

e imaging of the surfaces of giant and supergiant stars, and of dust envelopes surrounding
evolved stars;

o support ($5M) of efforts to develop infrared and optical interferometry with 8-m class telescopes located
on fixed baselines; these efforts will provide the experience necessary to carry out interferometry with
large adaptively-corrected array elements;

e support ($15M) by mid-decade of a university-based effort to develop a sensitive O/IR interferometer
array. This array should be comprised of at least 3 and perhaps as many as 5 telescopes of diameter
~2m located along continuously adjustable baselines of dimension > 200 m. We can anticipate that
such an interferometer will first take advantage of the more benign character of the atmosphere at
longer wavelengths (greater correlation lengths, permitting the full use of apertures of size ~2m, and
longer correlation times, permitting fainter sources to be used to determine atmospheric phase) to
provide high sensitivity near-infrared images at an angular resolution 8 ~0.002"-comparable to images
achievable with VLBI techniques at cmm-wavelengths. Later in the decade, when full adaptive corrections
are possible at optical wavelengths, the recommended interferometer will be capable of making sensitive
images in this wavelength regime as well;

support ($10M) before the end of the decade to begin planning a national O/IR array. The program

advocated above will provide the basis for planning an advanced optical/IR array to be constructed as

a national facility between 2000 and 2010. The array will probably comprise a considerable number (>»

10) of apertures with a collecting area of > 100 m?.

This approach is modeled on the highly successful strategy which led to the development of millimeter-

wave interferometry by university groups during the 1980s, and which promises to culminate in the

construction of a national mm-wave array during the 1990s. Our recommended program in O/IR inter-
ferometry would continue the wise federal strategy which has gained world leadership for the US in high
angular resolution astronomy - starting with the VLA, and VLBA and continuing through the development
of mm-interferometry —by providing the basis for beginning construction of a national O/IR Very Large Array

at the beginning of the nezt century.

Priority 2: A New Generation Of 4-m Class Telescopes

Background

Ground-based optical and infrared observations are central to developing a deep understanding of
astrophysical systems and placing exotic phenomena discovered at other wavelengths in the context of
the “known.” While discovery most often follows the opening of new frontiers in wavelength, sensitivity
or angular resolution, understanding usually requires a great deal of detective work by large numbers
of scientists with access to appropriate investigative tools. As we enter the 1990s, the basic “tool” of
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understanding is an optical/infrared telescope of diameter ~4 meters. As we enter the 1990s, the number
of observing hours available on 4-m class telescopes is woefully insufficient when compared with the time
required to carry out the basic observational studies which lead to understanding. As a result, only a
small fraction of the investigations thought to be most pressing can be granted telescope time, and often in
quantity so minute as to preclude exploratory investigations or the assembly of databases adequate to ensure
proper interpretation. The pressure will only increase as discoveries made with the Great Observatories
place even greater demands on extant facilities for supporting and follow-up observations.
Examples of the range of important scientific programs requiring extensive time on 4-m class telescopes
include:
o characterizing the physical properties of sources discovered at other wavelengths (e.g. by Einstein,
IRAS, ROSAT, GRO, AXAF, SIRTF) through imaging and spectroscopy;
e monitoring surface and chromospheric activity on solar-like stars;
o determining the interior structures of other stars from long-term spectroscopic monitoring programs
designed to characterize stellar oscillation modes;
e gearching for other planetary systems and sub-solar mass objects by means of long-term radial velocity
studies of large samples of stars;
e carrying out synoptic spectroscopic and photometric studies of supernovae in external galaxies and
active galactic nuclei;
e mapping the large scale structure of the universe out to z ~ 0.1 by determining the redshifts of 1 million
galaxies;
e mapping the large scale structure of the universe out to much larger distances by determining redshifts
of galaxies in carefully selected “pencil beams”;

Recommended Program for the 1990s

The technological advances which enable the construction of 8-m class O/IR telescopes have greatly
reduced the size, weight, and cost of 4-m telescopes, while enhancing their image quality and operational
efficiency; the superb image quality obtained with the ESO New Technology Telescope attests to the
potential of these new generation facilities. As a result of these advances, powerful facilities of this class can
be built by individual universities or small consortia of institutions.

The O/IR panel recommends a program to build at least { new generation telescopes of aperture ~ §
meters during the 1990s. Federal funds ($30 M) would be used in combination with state and private monies
in order to construct these telescopes. The most urgent community need is to begin immediate construction
of two general purpose 4-m class telescopes—one located in each hemisphere-to support and complement the
NASA Great Observatories. University involvement in operation and management of these facilities will
have the added benefit of providing opportunities for deep student involvement in both carrying out long
term and/or exploratory programs and in developing novel instrumentation.

Our recommended program to construct four new generation 4-m class telescopes during the next
decade is the minimum required to meet the most pressing needs of the community. The O/IR panel wishes
to encourage in the strongest terms imaginative arrangements to build edditional new generation 4-m class
telescopes by combining state and private funds with modest levels of federal support.

A variety of models for siting and operating telescopes of this size have been suggested and many are
viable. However, the economics of building and operating university telescopes of this scale requires that
they be located at a few already developed excellent sites, thus saving development costs through sharing of
roads, dormitories and support personnel.

The panel is particularly impressed by the advantages of arrangements whereby the facility is constructed
with private and/or state funds on an NOAO site, while operation costs are assumed by increments to the
NOAO operating budget from federal sources. This arrangement provides telescope time for (1) astronomers
on the faculties of the institution(s) responsible for raising capital costs; (2) time for astronomers throughout
the community who compete for access to the facility on the basis of peer-reviewed scientific proposals; and
3) takes full advantage of the nation’s investment in the NOAO support infrastructure, which can provide
the resources for economical, efficient and “user-friendly” operation. Such arrangements also provide the
basis for continued economical operation of the existing 4-m and smaller telescopes at KPNO and CTIO -
which the O/IR panel regards as critical to the scientific vitality of the US astronomical community.
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RECOMMENDATIONS OF THE PANEL: SMALL SCALE PROGRAMS

Priority 1: Near-IR And Optical All-Sky Surveys

All sky surveys to fixed flux levels (e.g. the National Geographic/Palomar Observatory photographic
sky survey and the recently completed IRAS infrared survey) are critical to efforts aimed at understanding
the distribution of objects comprising the observable universe. Such surveys are essential because they
provide complete pictures of the sky, unbiased by selection effects. Well-designed surveys provide the basis
for vital scientific research long after their completion. For example, the galaxy redshift programs of the
past decade which revealed the web-like distribution of galaxies in the universe were designed from catalogs
of galaxies constructed from the first Palomar Observatory sky survey (POSS)-completed nearly 40 years
ago. Advances in optical and infrared detector technology have made it possible to carry out deep all-sky
digital surveys with high photometric accuracy. These surveys promise to provide fundamental databases
for cataloging the distribution and brightnesses of galactic and extragalactic objects — the ultimate basis for
designing a wide range of scientific programs for ground-based and space-based telescopes. The O/IR panel
recommends the completion of digital all sky surveys at (1) near-infrared, and (2) optical wavelengths before
the end of the decade.

A Near-Infrared All Sky Survey

An all sky survey at near-IR wavelengths

e can provide a complete picture of the structure of the Galaxy and the universe unhampered by the
opaque dust which obscures optical views through the plane of the Milky Way.

& can probe the interior regions of optically-opaque star-forming regions,

e can locate radiation emitted by the coldest stars—objects which dominate the observable mass of our
own and other galaxies.

A new, near-infrared survey can be carried out in a scanning mode (analogous to the IRAS survey)over
the next five years on small telescopes (diameter ~1 meter) using moderate-size infrared arrays. Such a
survey would have a limiting magnitude of 14 at K (2.2 #m) - nearly 50,000 times fainter than the faintest
source catalogued in the original Two Micron Sky Survey. The proposed infrared survey is urgently needed
(1) for developing target lists and planning initial observing programs for the two major US infrared space
missions of the 1990s: SIRTF, and the NICMOS imaging camera/multi-object spectrograph on HST; and
(2) to act as the near-IR analog of the POSS for guiding development of observing programs for the 8-m
IR-optimized telescope. A survey of this sensitivity will also enable a wide range of investigations in its own
right. These include '

e carrying out a census of galaxies uniformly around the sky , thus sampling the nearby universe and its
gravitational potential field to redshifts z~0.05. We note that the “Great Attractor” which has been
invoked to account for asymmetries in the redshifts of galaxies out to distances of ~100 Mpc appears
to be located along a direction which is obscured from view at optical wavelengths by dust in the plane
of the Milky Way;

e using the observed infrared brightnesses of spiral galaxies derived from the survey, along with neutral
hydrogen line profiles, to determine accurate distances to large numbers of galaxies;

e probing the structure of the Milky Way galaxy by using K and M giants and infrared-bright asymptotic
giant branch stars;

e providing deep maps of star-forming regions in Gould’s Belt and in the Perseus, Sagittarius, and Carina
arms of the Milky Way; .

o providing the most sensitive means yet proposed (in terms of volume searched) to locate elusive
sub-stellar mass objects (“brown dwarfs”).

The survey must be carried out with two telescopes, one located in the Northern hemisphere, the other
in the South. The estimated cost to build the required telescopes and cameras for the all-sky near-IR survey
is $6M.

We recommend that the survey data be archived and made widely available to the international
community of astronomers by using procedures analogous to those already developed at NASA’s Image
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Processing and Analysis Center (IPAC) which has provided exemplary service to the community in archiving
and disseminating the IRAS database.

All-Sky Optical Survey

Since the invention of photography, astronomers have used deep sky images as their primary tool to
learn about the morphology and distribution of objects which comprise the observable universe. The most
important of these surveys has been the Palomar Observatory Sky Survey (POSS), completed in the early
1950s. This photographic survey and its successor (the deep Palomar II survey), and others like them
in the southern hemisphere have been the mainstays of much astronomical research - providing the basis
for identifying galaxies and clusters of galaxies, and cosmic sources of gamma-rays, x-rays, IR and radio
radiation.

With the advent of large-format, sensitive digital detectors (e.g. 2048x2048 CCD arrays) it is now
possible to replace photographic surveys by surveys that are both digital and well calibrated photometrically.
We propose a survey aimed at obtaining simultaneous images of the sky at B (0.44 pm) and R (0.65 pm)
which provide $/N = 10 for objects of B=23 and R=22 magnitude at a spatial resolution of 1''/pixel. It is
desirable to complete a survey of both celestial hemispheres within 5 years.

Such a digital survey will provide:

» a uniform sample of galaxies to 20th magnitude (15 million galaxies at galactic latitudes, b > 30° ); this
catalog will provide the basis for designing deep redshift surveys aimed at mapping the three-dimensional
structure of the universe out to large distances;

o select clusters of galaxies to redshifts near unity (at z = 1, the 10th brightest galaxy in a cluster is B
~21 mag);

e obtain accurate photometry for brighter galaxies and stars, allowing the construction of photometrically
uniform samples and color-selected samples;

o locate faint optical counterparts for radio, x-ray, gamma-ray, and infrared sources.

The survey requires a dedicated 1-m class telescope of conventional design. After completion of the
initial all-sky survey, it will be possible to use the same equipment to carry out 1) deeper surveys in selected
regions; 2) surveys with higher angular resolution in order to achieve high photometric accuracy for stellar
objects in our own galaxy.

We recommend that the optical all-sky survey results be archived and made available to the international
community of astronomers using the procedures established for the dissemination of IRAS and HST data at
IPAC and STScl.

The estimated cost of the all-sky optical survey is between $3M and $5M depending upon whether
extant facilities can be used or new telescopes must be constructed.

The panel wishes to note that the recommended infrared and optical all sky surveys are deemed the most
pressing and important representatives of a much larger class of more specialized surveys (e.g. narrow-band
imaging surveys at Ha and H; enabled by modern optical and infrared detector technology). It is thus
essential that these two recommended surveys be designed with a clear goal of developing a community-
accessible infrastructure for the reduction, analysis, archiving and distribution of databases assembled by
more specialized surveys. It is these functions which are most costly over the long term, and yet most vital
for ensuring the production of a uniform, well-understood and well-used database. It seems wise to make
use of the current community investment in the facilities and scientific expertise assembled at IPAC and
STScl to support such specialized surveys.

Priority 2: A National Astrometric Facility

Ground-based astrometry has made dramatic gains over the past decade, as a result of applying modern
CCD detectors, image analysis techniques and innovative new instrumentation to astrometric measurements.
Several groups have demonstrated accuracies in position determinations of 1 milliarcsecond (1 mas) or greater
— a gain of 5 or more when compared to previous measurements.

Although this accuracy offers the potential to determine and calibrate fundamental stellar parameters,
the number of stars for which such measurements are needed far exceeds the capabilities of existing
astrometric programs. Moreover, ground-based and space-based programs are identifying many objects of
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interest with undetermined physical properties. Measurement of the parallax and proper motion of these
objects is often a necessary prerequisite to further study.

Furthermore, the internal positional accuracy of images obtained with new space-based facilities (and
by the mid-1990s, large ground-based telescopes equipped with adaptive optics) exceeds the accuracy of the
optical reference frame (~50 mas) and the accuracy of the intercomparison of the optical and radio reference
frames (~300 mas). Transferring coordinates between reference frames, particularly at radio and optical
wavelengths, is critical to enabling the precise registration of images required for detailed multi-wavelength
studies of spatially-resolved systems.

Finally, the search for planets, brown dwarfs and other underluminous objects must be undertaken over
several decades and require both instrumental stability and long-term commitment of institutional resources
to ensure their success.

The importance of these three classes of programs, the specialized nature of the instrumentation, the
requirement for long-term stability and the need to supply the astronomical community with fundamental
data lead the O/IR panel to recommend the construction of a special purpose, dedicated 1.5m telescope and
ancillary instrumentation. We urge that this facility be operaied as a national observatory.

The recommended National Astrometric Facility should be funded and operated in a manner which
permits both rapid response to targets of opportunity (e.g. orbit determinations for solar system objects),
and long-term commitment to programs requiring decades of observation (e.g. searches for planetary
systems). It should be scheduled in response to proposals arising from the astronomical community. The
National Astrometric Facility should also provide a test bed for development of innovative asirometric
instrumentation and techniques.

The panel estimates that the construction and initial instrumentation cost of such a facility to be $5M.
The first such facility should be built in the northern hemisphere at a first class site. In the long-term, a
twin facility should be developed for the southern hemisphere.

RECOMMENDATIONS OF THE PANEL: INFRASTRUCTURE ISSUES

Develop, Purchase and Distribute Optical CCDs and Infrared Arrays

The development of optical charge coupled devices (CCDs) and near infrared arrays has revolutionized
optical/infrared astronomy. At optical wavelengths, CCDs provide an order of magnitude improvement in
sensitivity for most applications over the previous generation of detectors, and provide major improvements
as well in geometric and photometric stability. With current noise levels approaching a few electrons rms,
and quantum efficiencies near 80 percent, they are very nearly ideal detectors. Infrared arrays are less
mature but no less revolutionary in their impact on the field. Near-infrared arrays (HgCdTe and InSb) have
enabled infrared sensitive imaging and two-dimensional spectroscopy for the first time.

Qur recommended program for the 1990s assumes as a prerequisite, adequate funding for the development
and distribution of advanced panoramic detectors. Without this investment, it will be impossible to achieve
the full potential of new generation, large telescopes. We outline below the elements of a national program
to develop, purchase and distribute large format CCDs and infrared arrays.

Optical CCDs

The past decade has seen very rapid development, but still unsatisfactory general availability of large
CCDs suitable for astronomy. Thanks to a fairly major NSF/NASA effort, the TT 800x800 chips developed
for the Wide Field/Planetary Camera on HST have been distributed widely to the community. However,
these devices have been far surpassed in performance by newer chips. Moreover, they are not well suited in
overall dimension or pixel size to the new generation of large, 8-m class telescopes. The O/IR Panel strongly
recommends a program developing CCD detectors optimized for performance on large telescopes, purchasing
them in sufficient quantity, and distributing them competitively to the asironomical community.

It is essential that all large telescopes be equipped with CCDs if they are to achieve their full potential.
To achieve this goal, the Panel has identified the following actions that need to be taken as soon as possible:

e A coordinated purchase of a particular CCD design in quantity and volume sufficient to interest
commercial vendors in providing the fabrication and cosmetic quality required for astronomical detectors.
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e A coordinated development program to understand the advanced CCD technologies needed for the next
generation of astronomical devices and to develop those technologies so that they can be included in
commercially available devices.

A wide variety of instrumentation needs on telescopes of all aperture sizes can be addressed by a single
CCD design with the following characteristics.

e Pixel size determined by existing optical systems: As has been demonstrated by the NSF/NASA TI
800x800 CCD distribution, most existing optical systems are well matched by a 15 micron pixel size.
Instrumentation on 8-m telescopes requires pixel sizes nearer 30 microns. Through the technique of
on-chip binning, the same CCD can satisfy both requirements in most applications.

e Large Format: Wide field imaging and spectroscopy require minimum array sizes of 4096x4096 15-micron
pixels, and many advanced applications require mosaiced-arrays of such devices.

e Charge Transfer Efficiency At Low Light Levels: The ideal device would require 99 percent collection
efficiency at the far corner of the device, or better than 0.999992 efficiency per transfer assuming a
three-phase, quadrant readout design.

e Low Noise: Amplifiers with rms noise levels of ~4 electrons at rates of 50,000 pixels per second are now
common. Requiring non-destructive readout with a few electrons rms seems feasible.

e Wide Wavelength Coverage: CCD detectors, by virtue of their native silicon photoconductor response,
typically have quantum efficiencies of 60-80 percent in the green and red spectral regions. The response
in the blue and ultraviolet is another matter. All approaches to maximizing blue response require that
the device be thinned — that is, made thin enough so that light can strike the back side, away from the
gate circuitry which is opaque to blue light. The alternative, covering the front surface with a photon
energy down-converter, does not offer the tremendous gains offered by thinning.

While this CCD design is good, and its general availability requirement is urgent, it is not perfect.
Research is needed in many areas, including flashgate technologies to improve the blue quantum efficiency
of thin devices, anti-reflection coatings to optimize response in particular wavelength regions, mosaic
technologies for combining devices, amplifier design for the minimization of noise, and gate structures to
allow operation at warmer temperatures. A coordinated program to design, acquire, and test CCDs is
needed to bring these advances from the laboratory to the telescope.

A major obstacle to concentrating effort on producing large format CCDs optimized for astronomical
use has been the piecemeal purchasing patterns which are a result of the lack of a concerted funding effort in
this very critical area. It is clear that expenditures small compared to the capital outlay for a large telescope
would have an enormous impact on the availability of these crucial detectors. The Panel estimates that
expenditure of $5M for the chip design discussed above would provide the few hundred devices required by
the community. The cost of the research efforts and a second coordinated purchase of CCDs later in the
decade would require an additional $5M. It is important to emphasize that the total $10M is not to be spent
at $1M/year; it is critical that the first installment of $5M be provided immediately so that the large format
chips be purchased and available for timely installation on the new generation 4-m and 8-m telescopes.

Infrared Arrays: The Future for the 1-5 um Hegion

The NICMOS (Near Infrared Camera, Multi-Object Spectrograph) program has provided powerful
256x256 pixel arrays. Imaging and spectroscopy would benefit enormously from the production of larger
arrays. InSb and HgCdTe arrays of dimension 512x512 seem technically feasible, but at present there is no
support to develop larger successors to the NICMOS arrays. We recommend a program to develop, purchase
and distribute larger near-infrared arrays.

Prior to a large-scale purchase, it is essential to carry out additional research and development aimed
at providing better uniformity and broader wavelength response for these detector materials. It would also
be extremely valuable to invest in the development of array designs that enable moisaicing of arrays.

Infrared Arrays: The Future for Mid-Infrared Arrays
The very high sky and telescope background at A ~10 um produce enormous background fluxes (> 10°
photons/s) which have made array implementation very difficult. Two strategies have been attempted:
e read out the detector as fast as possible (before the wells fill), or
e increase the well-depth by increasing the detector bias
Neither provides per pixel performance on par with the best achievable with single detectors. Because
the problems are daunting, fewer groups are working at these wavelengths, and moreover, the spinoff from
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SIRTF-driven research is minimal because the background levels for this cooled telescope in space are very
much lower than for ground-based applications.

The development of these detectors is essential if we are to take advantage of the dramatic gains in
mid-IR sensitivity and angular resolution enabled by diffraction-limited 8-m IR/optimized telescopes; these
telescopes will provide ~10 times the angular resolution of SIRTF in the 5-20 um regime. We recommend a
program to develop sensitive, low-noise mid-IR array detectors for use on ground-based telescopes. The panel
notes that:

¢ good detector materials for mid-IR arrays exist: Si BIB detectors provide good quantum efficiency from
5 pm to 28 pm;

» the need for large well-depth (to accommeodate high background fluxes) necessitates care in the design
of the readout multiplexer; current devices may have unit cells which are too small to provide the
needed large capacitances;

e It seems plausible to produce small mid-IR arrays {32x32 or 64x64 pixels) in the near term. To produce
larger arrays would appear to require fundamental design work.

It is essential to fund several groups to work with industrial firms to develop and test detectors of
astronomical use. However, to induce development of advanced technology arrays will require significant
investments.

The O/IR panel recommends a tolal investment of ~ $20M over the next decade in order to enable
development, and later purchase, of the near- and mid-IR arrays that are so critical to achieving efficient
returns from the new generation of large telescopes.

A Program to Support Large Optics Technology

Fabrication and Polishing of Large Mirrors

The coming decade is one of great promise for ground-based O/IR astronomy. A new generation of
large telescopes is planned which, if built, will quadruple presently available light gathering power. Adaptive
Optics hold the promise of diffraction-limited imaging by these telescopes, and offer more than an order of
magnitude gain in angular resolution. The key o these advances is the successful production of e number of
primary mirrors §-m in diameter-larger than any in ezislence.

The fabrication of optics for these telescopes presents an enormous challenge. Methods have now been
demonstrated on an intermediate scale for casting rigid glass honeycomb blanks. New techniques have been
developed for polishing aspheric surfaces to the extremely high accuracies now required to match image
quality at the best sites. All planned telescopes other than the Keck telescope will use these large monolithic

Mmirrors.
As we enter the 1990s, construction of the first facility in the world for casting and polishing 8-m mirrors

is nearing completion at the University of Arizona Mirror Lab. There still remains the task of proving the
casting and polishing technology at the full size of the 8-m mirrors, and the production of six such mirrors
during the decade. The O/IR panel recommends continued support of the UAML al a rate of ~ $2M/yr
throughout the decade.

Fabrication and Polishing of Specialized Oplics; Coatings

The full potential of new telescopes will be realized only if they are equipped with excellent instruments.
The best designs call for optical elements beyond present optical fabrication capability. The O/IR panel
wishes to encourage the funding (8500K/yr) of a coordinated effort involving university and private groups
along with the NOAO to develop the technology for polishing difficult aspheric surfaces. It will also be
necessary to invest in efforts aimed at developing efficient anti-reflection coatings and depositing them
uniformly on large optical elements, along with efficient and durable reflective coatings aimed at minimizing

telescope emissivity.

Toward a New Generation of Large Filled Aperture Telescopes

While much activity during the next decade will be devoted to the construction of 8-m class instruments
and to the development of ground-based interferometry involving multiple small (~2-m class) telescopes, it
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would be wise as well to invest effort in developing the technology and encouraging imaginative approaches
for construction of the next generation of large, single aperture telescopes.

One possible design for a 32-m class O/IR telescope is based on the mechanical structure of a radio
telescope. In this concept, the dish is tiled with small polished glass segments, whose position would be
rapidly adjusted to maintain diffraction-limited imaging, compensating not only for gravitational flexure
as the telescope is moved, but also for wavefront aberrations caused by the atmosphere. To keep down
fabrication cost, and to simplify alignment, the primary surface would be spherical (similar to the Arecibo
telescope). To achieve good images, large and aspheric secondary and tertiary mirrors are required. New
techniques for polishing large 8-m primaries for the telescopes of the 1990s appear extendable to these
requirements.

Fundamental to the utility of large single apertures is the development of adaptive optics: the advantage
of diffraction-limited imaging increases very rapidly with aperture. It follows that a very big telescope tailored
for adaptive optics would be a very powerful tool. We can be fairly certain than a 32-m dish could be
controlled to image much of the sky to the diffraction limit at 2.2 pm with the light from field stars.
If the technology for sensing atmospheric wavefront errors from artificial (laser) stars is perfected, then
diffraction-limited imaging over the whole sky will be possible at optical wavelengths. The corresponding
resolution of 0.004” with all the light from a 32-m aperture focused into an image this small would constitute
an extraordinary advance in astronomy.

We recommend funding at the rate of ~ $1M/yr over the next decade in order to support the design of
large aperture telescopes, and to develop mirror fabrication and polishing technology required to enable the
construction of such telescopes.

A Program to Archive and Disseminate Astronomical Databases

Modern astronomical images and spectra are now obtained almost exclusively in digital form. The
O/IR panel believes that it is important to develop archives of coherent data sets so the community of
astronomers can derive mazimum benefit from these date now and in the future.

The value of archived data is amply illustrated by the following examples:

o the Palomar Observatory Sky Survey has proven an immensely valuable database both in its original
photographic form, and in its duplicate copies which have been disseminated widely in the astronomical
community. The survey has provided catalog and finding lists of a wide variety of celestial objects from
galaxies, to H II regions, to Herbig-Haro objects. It has proven invaluable for selecting guide stars for
the Hubble space telescope. In brief, it provides a paradigm for the wide-spread utility and scientific
longevity of astronomical surveys.

e The databases from the HEAO and IRAS satellites have proven to be vital sources of astronomical
research well after these satellites ceased taking data. It is also noteworthy that although the original
science instrument teams for HEAQ and IRAS are responsible for many of the exciting initial discoveries
made with each satellite, members of the scientific community working with these databases have been
responsible for the bulk of the scientific return from these projects. Moreover, wide involvement of
the scientific community has led to better calibration and understanding of these databases as well
as to richer scientific return. These databases provide a paradigm for the great value of community
involvement in working with databases originally developed by teams of scientists working on a variety
of key projects.

The O/IR panel recommends that funding be provided in order to ensure:

e that databases created by surveys (e.g. all sky digital surveys, catalogs of redshifts), and by key projects
(long-term programs carried out by individual observers or teams of astronomers} be archived and
following a 1 to 2 year period of exclusive use, be made available to the scientific community.

e that every observation taken on a large telescope in the US is catalogued and characterized and that
the catalog of observations be made available to the scientific community.

The panel urges that the data be archived locally first, and then transmitted to more central archives
such as those at IPAC and the STScl, and eventually to the NSSDC. The O/IR panel urges that as a matier
of policy that the format of all archived data will be FITS (flexible image transport system).

The panel considered the possibility of archiving all data taken at large telescopes, but rejected
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the notion of universal archiving until procedures developed for surveys and key projects are developed,
understood, optimized and costed.

A Program for Training New Instrumentalists

There is a major demand for talented young astronomers to design and build instrumentation for the
next generation telescopes. The current shortage of trained instrumentalists will become even more acute
unless the community can stimulate its students to take an active interest in state-of-the-art technology
for astronomical observations. Training in the techniques of instrument creation has traditionally involved
apprenticeship to an individual or group building and using new equipment. We recommend a three-level
program aimed at providing such apprenticeships:

o (1) Involve graduate students in instrumentation development at NOAO.

The NOAO should initiate a program aimed at active involvement of advanced graduate students in
the development of instrumentation at the national observatories. This program would provide support for
students (and in some cases their advisors) in residence at the national observatory. During this time, such
students would work closely with the team of scientists and engineers involved the design and construction
of a major or innovative instrument. We also urge that NOAQO seek frequent collaboration with university
groups to develop instrumentation for the national observatories. Active collaboration with such groups
would allow NOAO to tap and support the talent distributed throughout the university community, and to
support students actively involved in these instrumentation efforts.

® (2) Provide explicit support for graduaie students at instituilions developing instruments for moderaie
and large telescopes.

At least 10 major university groups will be building and instrumenting moderate or large facilities
during the 1990s. Students enrolled at these institutions have an unusual opportunity to become involved
with the construction of frontier instrumentation.

However, all instrument large development projects are cost-constrained, and increasingly must meet
demanding time schedules. These pressures act both to limit student involvement in large projects in
favor of more experienced engineers and technicians, and to reduce their freedom to learn through making
creative mistakes. Funding agencies must recognize these realities, and develop positive incentives to involve
students in instrumentation development at these institutions. At the very least, the financial pressures
which may prejudice graduate student support should be eliminated through initiation of an NSF program -
analogous to the Research Experience for Undergraduates (REU) program - designed explicitly for support
of graduate students involved in such projects. Pls for large instrument projects should be able to apply
competitively for “IEG” (Instrumentation Experience for Graduate Students) grants. Furthermore, evidence
of encouraging student involvement should be viewed as an important positive factor in the review process
for instrumentation grants funded by NASA and the NSF.

s (3) Provide support for graduate students at all institutions

Universities with access to relatively small telescopes (d < 1.5m ) can also play a critical role in training
future instrumentalists if they are able to provide (1) steady access to telescopes with equipment designed
wholly or in substantial part by students; (2) the infrastructure to enable student-built instruments to produce
useful scientific results, including the availability of modern detectors, and adequate supplies of parts, tools,
and test facilities; and (3) guidance by senior instrument designers who bear major responsibility for the
student’s career.

We recommend a new program for supporting operating costs and instrumentation development for small,
University-operated telescopes. The program would provide funding for developing modern instruments for
these telescopes, and for upgrading telescope control and data acquisition systems. The instruments need
not be unique, frontier instruments. Rather, the request for funding should be judged on the basis of (1)
potential for scientific return; (2) evidence of strong student involvement in the design, construction and use
of the instrument; (3) the potential and track record of the senior mentor. This program would fill a gap
between the NSF Instructional Laboratory Improvement grants and the traditional grants under the NSF
Astronomy instrument program. These funds would be specifically targeted at support of creative programs
aimed at graduate training of future instrumentalists.

We believe that initiation of this program would have a number of benefits. First and foremost, it
would provide students with the involvement in a project over which she/he has primary control over design,
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construction and use. Second, it would result in the revitalization of a variety of local facilities, providing
opportunities for student and faculty research on programs requiring imagination and a willingness to trade
time for aperture. We cannot overemphasize the importance of giving students control of their own projects
early-on in their formative years. Students involved in this program will be drawn to the pleasure of running
a significant project from start to finish — and some will become the instrumental leaders of tomorrow.

Funding of ~ $500K /yr over the next decade will be required.
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EXECUTIVE SUMMARY

Observational capability from space in the UV, Visible and IR spectral regions will be crucial for
substantial progress on fundamental astronomical problems that range from the study of planetary systems
to understanding galaxy formation. The combination of uninterrupted wavelength coverage (ultraviolet
through the visible to the mid-infrared), high dynamic range, diffraction-limited images and dramatically
reduced near-IR backgrounds with passively-cooled systems (to < 10~¢ that from the ground and HST)
would result in major advances in scientific understanding.

A balanced program of both Observatory-class instruments and smaller directed missions of Moder-
ate and Explorer size is essential. The panel strongly recommends that both components be developed
concurrently in a dynamic long-term program.

A long-term program of Observatory-class missions is recommended, starting with the full realization of
the potential of HST through optimized operation and the rapid implementation of state-of-the-art image-
correcting cameras and spectrographs. The critical role that Observatory-class instruments play requires
that a successor to HST be flown within a few years of the end of HST’s nominal life. The panel strongly
recommends that such a successor be planned for launch in the first decade of the new century. This would
be the 6 m LST, the Large Space Telescope. Operation beyond Low Earth Orbit would lead to large gains
in the science return and substantial savings in construction and operational costs. Finally, the program
has as its goal a telescope of astonishing power, the 16 m NGST (Next Generation Space Telescope).

Many high-priority science goals cannot be addressed with general-purpose large telescopes. Paralleling
the Observatory program must be a vibrant program of Moderate and Small missions. Progress in the
Explorer program is currently so slow that its primary goal of rapid access to space for innovative scientific
programs has been lost. We recommend that the Delta-class Explorer program be enhanced to lead to
more frequent missions and shorter turnaround. The missions should also be managed more directly by the
PI team; substantial educational and training benefits would accrue from such a change. While the final
selection of missions should be carried out through the normal peer-review process, examples of outstanding
science goals include a UV imaging survey, a wide-field astrometric telescope, a multi-waveband mission and
a very high spectral resolution instrument.

Interferometry promises to revolutionize the study of compact objects with small length scales such
as AGNs, QSOs and interacting binaries. The panel recommends beginning a systematic program of
technology development and ground-based experimentation that leads to a space-based imaging astrometric
interferometer with baselines of tens of meters early in the next decade.
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A more complete outline of the recommended program can be found in §II (Implementation of the
Science Program). The recommended program is:

SIZE PROJECT Cost Start Finish
Large: LST - 6 m HST Successor $2000M 1998 2009
Moderate: Explorer Enhancement $300M 1993 2000
Moderate: HST Third Generation Instruments $150M 1994 2000
Moderate: Imaging Astrometric Interferometer $300M 1997 2004
Small: SMEX UV Survey. $30M 1995 1998
Small: Space Optics Demonstration $30M 1993 2000
Small: Supporting Ground-based Capabilities $256M 1993 2000
Technology: Technologies for Space Telescopes $30M 1993 2000
Large:

LST (Large Space Telescope): The LST is a 6 m Observatory-class telescope incorporating UV to IR
imagers and spectrographs. Passive-cooling and high-performance optics result in large gains in scientific
capability over HST. A high priority goal is location beyond Low Earth Orbit (e.g., HEO - High Earth
Orbit). This telescope is an excellent candidate for strong international participation. For operation by
2009 a start date of 1998 is considered necessary. Advances in technology and HEO operation will break
away from the HST cost curve and lead to an expected cost of $2000M.

Moderate:

Rapid Ezplorer Deployment:  The Delta-class Explorer program should be enhanced by more frequent
missions and shorter development schedules. A wide range of forefront science can be carried out with such
missions: contemporary examples are EUVE and Lyman-FUSE (the Extreme UV Explorer and the Far
UV Spectroscopic Explorer). The programs should be chosen through peer review. An essential element is
education and training of space scientists and engineers. The base of technical and managerial experience
in space science must be increased by direct oversight and management of these programs by the PI team.
Cost savings will accrue from such an approach. The expected incremental cost of the program is $300M.

HST Third Generation Instruments: The full potential of HST can only be realized with state-of-the-art
instruments that compensate for its optical problems. A further set of such instruments should rapidly
follow the WF/PC II (Wide Field/Planetary Camera) and the Second Generation Instruments. A high
throughput camera is an example. The expected cost of the instruments is $150M.

Imaging Astromeliric Interferometer: The potential returns from interferometry are high. An instrument
with baselines beyond 20-30 m that demonstrates the needed technologies and offers substantial scientific
gains should be developed for a new start late in the decade. The expected cost is $300M.

Small:

Small Ezplorer missions: A UV low spatial resolution all-sky imaging survey would return excellent science
in this class. The UV survey would be particularly valuable for mapping diffuse UV emission from the hot
and cold ISM. The expected cost of a Small Explorer mission (SMEX) is $30M.

Optics Development and Demonstration:  Lightweight optics with high performance surfaces and active
control are central to the goals of future telescopes, large and small. Technology developments and
demonstrations are needed. The expected cost is $30M.

Supporting Ground-based Capabilities:  Ground-based telescopes will continue to play an essential com-
plementary role in support of space observations. They will continue to be particularly important for
spectroscopic follow-up and for development and demonstration of new detector and instrument technolo-
gies. All-sky coverage is essential. The ground-based program should be augmented by $25M for 4+ m class
telescope projects that support space observations.
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Prerequisites:

Lyman-FUSE. The high scientific returns expected from the EUV and UV spectroscopic capabilities of
Lyman-FUSE requires that it be completed and launched by the middle of the decade.

HST Optimization: It is crucial to realize the potential of HST through implementation of instruments
that correct for its optical problems. Thus the WF/PC II should be completed as soon as possible, and the
state-of-the-art Second Generation Instruments should be put on an accelerated completion and deployment
schedule. Optimized operation is now even more crucial given the reduced efficiency of HST.

Near-term Science Program: Support for data analysis, ground-based observations, and modeling and theory
is badly needed to give the scientific returns consistent with the capabilities and the large commitment of
national resources to space science missions. Stable research funding of the science community and students
is essential if the scientific productivity is to be commensurate with the investment in facilities. The ongoing
missions such as HST, EUVE, IUE and ASTRO have and will make substantial scientific contributions.
They require adequate support.

Technologies for the Next Century:

The Next-Century Program:  Explorers, interferometers and large space telescopes depend critically on
technology developments. Development of those technologies now will lead to major savings in cost, schedule
and management complexity for the next generation of instruments. Such technological developments will
be crucial for observatories of the scale of the NGST, the 16 m Next Generation Space Telescope.

Structure of the Panel Report.

The report is organized as follows:

e I. The Science Program — IV-3.

e II. Implementation of the Science Program — IV-11.

e III. The Observatory-class Missions — IV-13.

e IV, Moderate and Small Missions — IV-19.

e V. Prerequisites — The Current Science Program — IV-23.
e VI. Technologies for the Next Century — IV-28.

e VII. Lunar-Based Telescopes and Instruments — IV-29.

I. THE SCIENCE PROGRAM.

The UV-Optical in Space Panel has been considering the science goals for a broadly-based program of
space missions that cover the wavelength range from the EUV at ~ 100 A into the near-IR at ~ 5-10 um.
The moderate (Explorer-class) and large (Observatory-class) missions outlined here allow for fundamental
advances in almost all areas of astrophysics. They range from the detection of planetary systems around
nearby stars to cosmology. The science program developed by the panel is outlined below.

Planetary systems.

The detection of planets beyond the solar system was given great impetus in the last decade with the
discovery by IRAS of radiation from cold disks of dusty material around nearby stars. Detection of the light
from planets, and the subsequent spectroscopic observations, are important goals for the coming decades
and can very likely be attained through the design of space-borne instrumentation directed to that end.
The technological requirements are challenging. A low background telescope with apodizing, occulting or
interferometric instruments will be required. The telescope will need to be cooled (passively) to ~ 100°K or
less, and to have extremely smooth, low scattering optics. These optics must be smoother than required for
diffraction-limited performance. While the detection of planets like those in our own solar system is likely to
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be beyond the reach of HST, a 6 m telescope with higher performance optics and passive cooling would be
able to detect gas giants like the outer planets (Jupiter and Saturn) in our own solar system out to beyond
10 parsecs, even against the huge background from the central star.

To take the next step and detect Earth-like planets requires a substantial step in capability, especially
since detection alone is not enough. We need to take spectra that can confirm whether the atmospheres
of the detected planets could support life. The spectroscopic measurements must establish whether their
atmosphere is in a chemical disequilibrium state that might indicate the presence of life (e.g, by detecting
the 9.5 pm Ozone band).

The technical challenges confronting the detection and measurement of Earth-like planets are substantial.
Such planets would be found = 0.25” from a star at a distance of a few parsecs. An optimal approach would
be to detect such an object at ~ 10 um with a cooled, 16+ m telescope where the first dark diffraction
ring corresponds to the planet’s orbit. Apodization or interferometric instruments would be used to greatly
enhance the contrast of the planet against the light from the star. Then the telescope’s low resolution
spectroscopic system (with A/AX ~100) would be used to obtain a spectrum to search for the signature of
ozone (O3) at 9.5 um. Other weaker features, e.g., methane, could also be the goal of such a spectroscopic
analysis, albeit with data of higher S/N and spectral resolution. Even with low resolution spectra it appears
likely that satisfactory discrimination could be obtained between different atmospheres. For example, the
thermal emission spectrum from the inner planets in our own solar system (Mars, Earth and Venus) differs
greatly.

It is probably no exaggeration to say that the impact on humanity of successful detection of a planet
with an atmosphere like that of the earth would be similar to that of Galileo’s detection of the moons of

Jupiter, following the invention of the telescope.

Star formation and origins of planetary systems.

Stars form through a series of complex physical processes. While absorption limits the study of much of
the activity in star-forming complexes to long wavelengths, substantial investigations can be carried out in
the near-IR and shorter wavelengths. The resolutions available at such wavelengths are a better match to the
characteristically small length scales in protostars. Of particular scientific interest at these wavelengths is
the study of protostellar disks and outflow jets. The resolutions and sensitivity of space telescopes will allow
the derivation of physical conditions (temperatures and densities) along with kinematical and structural
maps. 1000 AU diameter disks could be mapped with ~ 15 independent resolution elements at 1 kpc with
the 6 m LST.

While our own Galaxy provides a laboratory for the study of star forming complexes at a level of detail
that is impossible in other galaxies, different environments in other galaxies make such regions of particular
interest. We would like to know how the formation rate for massive stars and the form of the mass function
at high masses are affected by physical conditions that are found only in other galaxies. These include
normal galaxies like our neighbors such as M31, NGC 205 and M33, and the LMC and SMC, as well as
the more massive systems such as M101. Moreover, galaxies undergoing violent kinematic interactions such
as “starburst” galaxies are of particular interest since they may be representative of conditions that were
common during the formation and early evolution of galaxies. Large space telescopes that combine high
spatial resolution with low backgrounds are essential for tackling this problem.

In general, the spatial resolution that will become available with HST, with the 6 m and ultimately
with the 16 m will be crucial for unravelling some of the complex structural and dynamical characteristics
of protostellar structures. The 6 m LST would resolve 3 AU in the nearest star-forming complexes, or 8
AU at Orion at 0.5 um in the visible. At 3 um the resolution would be ~ 20 AU and 50 AU respectively.
Furthermore, the low backgrounds and high dynamic range available with space telescopes, particularly
passively-cooled telescopes, will broaden the range of problems that can be tackled. With cooling to ~
100°K, the background out to ~ 10 pm can be > 18 mag fainter per resolution element (< 1077) than that

from the ground.

Structure and Evolution of the Interstellar medium.

Fundamental information on the composition of interstellar gases and evidence for spectacular differences
in their physical states has resulted from observations of the rich assortment of UV absorption lines in the
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spectra of background stars. Unfortunately, few of the spectra have had the velocity resolution to clearly
differentiate the different underlying structures within gaseous regions. These regions could be responding
to a variety of undetermined physical influences, such as ionization, dissociation and recombination fronts,
thermal- and photo-evaporation interfaces, subsonic wave phenomena, and ionization and cooling from shock
fronts. These phenomena can trigger important chemical changes or shifts in excitation and ionization over
very small scales in distance or velocity. The interplay of such processes is important in the exchanges of
mass and energy between different phases of the medium, and can be influential in regulating the large scale
properties of gases within the disk and halo of the Galaxy.

With the high resolution spectrograph on HST (particularly with STIS, the Second Generation spectro-
graph) faint objects can be measured with a wavelength resolving power of about 10°. Evidence for complex,
narrow absorption lines in the visible indicate that studies of physical processes in the interstellar medium
(ISM) would be greatly rewarded by having results from UV spectrographs which could observe bright
sources with a resolving power of a few million. The technologies for UV echelle gratings and 2-dimensional
detectors are mature enough that it is now possible to achieve good sensitivity and resolution to study
bright stars (to 5th magnitude) with a small instrument (effective collecting area ~10 cm?).

Much remains to done through imaging studies of the ISM. Observations on a variety of spatial scales
in the UV would also help in elucidating the composition, physical properties, and spatial distribution of
dust, interstellar Hy, and supernova remnants. These observations of interstellar emissions and scattering
complement the spectroscopic measurements. Instruments with wide field coverage and high sensitivity to
diffuse emission are needed to complement the capabilities of ASTRO and large telescopes such as HST and
LST. Explorers, both SMEX and Delta-class, could lead to major gains in our knowledge.

Just as hot stars are used to probe the interstellar medium of the Galaxy, QSOs and AGNs can be
used to probe the interstellar medium of much more distant galaxies. Contained in the investigation of
QSO absorption lines are fundamental astrophysical questions: What is the history of chemical enrichment
in various galaxy environments? How are the physical conditions in the gaseous medium influenced by the
host galaxy properties and by the extragalactic radiation field in which the host galaxy resides?

Observations with HST and Lyman-FUSE will allow direct comparison of physical conditions in low-
redshift absorbers with those in high-redshift absorbers as measured from ground-based data. From observing
lines-of-sight through the halo of the Galaxy and local group galaxies, the gas phase depletion pattern can
be determined as a function of stellar metallicity. Because the low redshift absorbers can be associated
directly with host galaxies, the problem of current gas-phase metallicity as it relates to the history of star
formation can begin to be addressed.

The key to relating QSO absorption lines to galaxies lies in obtaining observations in the redshift range
in which both can be well studied (z < 1). HST will only begin to pursue such studies at high spectroscopic
resolution because of photon limitations and the low surface density of bright QSOs. Larger aperture space
telescopes such as LST will result in very substantial increases in the number of sources that can be studied.
The physical conditions in the absorbing interstellar medium of galaxies could be directly related to other
observable properties of the host galaxy. Unreddened B stars could be used to examine the interstellar
medium of Local Group galaxies for velocity structures in star-forming regions, for metallicity as a function
of star formation rate and history, and for gas phase depletion as a function of local metallicity.

With their high throughput and their capability for high-dispersion UV spectroscopy, LST and even
larger telescopes such as the 16 m NGST are well-suited to such studies. A strong scientific motivation for
LST is to raise QSO absorption line studies to the level where the chemical and dynamical evolution of
interstellar and halo gas can be determined as a function of cosmic time.

Stellar astrophysics.

One of the great triumphs of modern astrophysics was the development in the 1960s and 70s of a broad
understanding of the evolution of single stars from the gaseous cradle to the dense stellar grave. This rush of
progress followed from parallel developments in observation and theory. Technical advances made it possible
to measure stellar luminosities and temperatures accurately and simply, and to model the evolution of stars
in the Hertzsprung-Russell diagram with detailed numerical calculations.

Our understanding of the evolution of close binary stars, however, is still at the phenomenological level.
We can recognize main sequence stars at the start of their joint lives with the primary filling its Roche lobe;
we notice peculiar chemical signatures in some red giants that could be explained by binary mass transfer;
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we see spectacular displays from the accretion disks of dwarf novae; we suspect that the origin of Type I
supernovae is an endpoint of close binary evolution. A physical understanding of close binary evolution,
however, still awaits the crucial observations, in this case high angular resolution images of stars interacting
gravitationally.

Near-term observational progress in this field will come from recognition of hot and compact companions
of stars in the UV with HST, and from resolution of binaries with milliarcsec separations with the first
imaging interferometers. In the longer term we can look forward to imaging the nearest W UMa and U Gem
systems and investigating the accretion disks of cataclysmic variables. These observations call for 10 to 100
pas resolution.

High angular resolution astronomy will also challenge our understanding of single stars by revealing
surface structure and variability. These observations will call for more sophisticated models than the current
one-dimensional approach.

Much more insight into the cooler phases of stellar evolution (most importantly, the evolution of
young pre-main sequence stars) followed the extension of observational techniques into the infrared. The
low background in space will allow substantial further gains. Near-IR observations could place valuable
constraints on the existence of baryonic dark matter.

There are important areas of stellar evolution that similarly await improved capability in the ultraviolet.
The evolution of very massive objects remains a subject of intense theoretical interest from the points of
view of both chemical evolution and black hole formation. The UV excesses in elliptical galaxies clearly call
for a real understanding of post-asymptotic-giant-branch evolution. A suitable laboratory for studying the
evolution of massive stars and post-AGB evolution exists in the Magellanic Clouds. An appropriate survey
is needed, as the hottest post-AGB stars currently go unrecognized because their optical energy distributions
are insensitive to temperature. An excellent example of the significance of the Magellanic Clouds for stellar
evolution was furnished by SN1987A, an event to which space astronomy was able to respond remarkably
well, and which produced a major leap forward in our knowledge of the evolution of massive stars. High
angular resolution observations are of special importance in the study of massive stars (such as R136a in
the 30 Dor star formation region) which need to be separated from their coeval companions.

Stellar populations.

In the standard Big Bang cosmological model, baryonic matter forms as diffuse gas consisting almost
entirely of hydrogen and helium. Due to remarkable effects associated with gravity and nuclear processes,
baryons at the present epoch have become concentrated into stars within galaxies containing a full range
of chemical elements. Since lower mass stars have nuclear burning lifetimes that exceed the age of the
universe, information about the full evolution from a gaseous to a stellar universe is retained in the stellar
populations of nearby galaxies. Conversely, conditions at the time of galaxy formation, when the universe
was making the transition from gaseous to stellar states, can be ascertained from a solid understanding of
stellar populations in combination with sensitive observations of faint, high redshift objects.

Both of these approaches require an extension of knowledge of fundamental properties of normal stellar
populations. In the Galaxy the description of the stellar mass distribution function needs to be completed;
e.g., by reaching stars below the nuclear burning mass limit through determinations of the space densities of
brown dwarfs. A census of low luminosity, compact stellar remnants is also required, especially in very old
systems such as globular star clusters. Ancient white dwarfs, neutron stars, and black holes are significant,
both as semi-dark forms of baryonic matter and as indicators of the properties of stellar populations when
the Galaxy was young. Explorations of the extremes of the Galactic fiducial stellar population will require
multi-wavelength, high sensitivity observations, e.g., in the near infrared with HST and its successors to find
brown dwarfs, and across the EUV-UV-Visible to find old white dwarfs. Explorer-class missions could also
contribute to aspects of this problem. The search must reach V = 29 in the nearest globular clusters and a
magnitude fainter in the halo far from the Galactic disk. Claims that the halo of the Galazy is non-baryonic
cannot be taken seriously until a census is complete 1o at least this level.

A direct complement and check on the study of galaxy evolution by “looking back” at galaxies of
significant redshift is the determination of the star formation history of nearby galaxies. By measuring
the main sequence luminosity function down to one L it is possible to determine the time-history of the
star formation rate in a stellar system over the last 5 billion years. To date the experiment has only been
performed in the solar neighborhood and in the Large Magellanic Cloud, but our understanding of the star
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formation history of all spiral galaxies is generalized from these results. An important goal is to extend
the experiment to the full sample of galaxies available in the Local Group. This requires imaging to V =
30 with spatial resolutions of (0(10-20) milliarcsec — these requirements are beyond what will be achievable
with HST.

With such a limit, color-magnitude diagrams could be obtained in the nearest galaxies (M31, M32
and M33) to My > +5, below the main sequence turnoff for globular cluster-like populations. This would
enable age determinations to be obtained in the oldest populations of these galaxies. These ages constrain
the formation epoch of galaxies, and also constrain cosmologies. The initial mass function (IMF) could be
determined through much of the Galaxy (to masses ~ 0.1 Mg out to several kpc). IMFs could be derived
from the luminosity function to My ~ +18 in the nearest globular clusters and to My ~ +12 in the LMC
and the SMC. The LST would meet the goal of imaging to V=30 mag. With a high-throughput camera it
would give S/N=10 measurements in 10* s in the visible (V) for large numbers of stars fainter than 30 mag
over a field of several square arcmins.

Once stellar populations have been properly sampled in nearby galaxies and the results placed in a
physical model, we will be in a better position to interpret hard won multi-waveband measurements of
the light from distant galaxies. Empirical models of stellar populations can be obtained most directly by
resolving individual stars throughout the UV-Visible-IR. Detailed physical studies of stellar populations are
currently carried out within the Galaxy. High angular resolution, multi-wavelength observatories in space
will extend these studies to Virgo supercluster galaxies, where a full range of morphological and evolutionary
galaxy classes can be sampled.

In addition, our knowledge of the frequency of formation of massive stars is biased to those which
are luminous at visible wavelengths. Really massive stars would not necessarily be those which are most
luminous visually; most of their radiation is emitted in the ultraviolet region of the spectrum which is
accessible only from space. Wide-field surveys in the UV would not only determine the distributions of hot
white dwarf and subdwarf stars in the Galaxy, but would also map the massive star distribution in the
Magellanic Clouds and other Local Group galaxies.

The galactic and extragalactic distance scale.

For the best part of this century astronomers have been ham-strung by the need to estimate the distances
to stars outside the solar neighborhood by indirect methods. This has often led to circular arguments by
assuming the astrophysical theory we were trying to test by observation! In the next decade we can begin to
find our way out of this historic impasse. By means of optical interferometry it will be possible to measure
the distance of every detectable star in the Galaxy geometrically. Ten pas precision in positions is a realistic
goal for an astrometric Interferometric system. If we can determine the distances of a sample of Cepheids
and RR Lyrae variable stars in the Galaxy, we will improve the precision of the extragalactic distance scale
(which will be studied by HST in the coming decade), and refine our estimate of the expansion age of the
Universe. Such astrometric precision would also permit measurement of the proper motions of Local Group
galaxies (and far beyond — even to Virgo!) and yield an accurate dynamical age and mass of the Local
Group.

For megaparsec distances the most reliable distance indicators are Cepheid variable stars. Using
Cepheids, HST with the WF/PC II will measure distances to the Virgo cluster (redshift 1000 km s~!). In
the last decade significant peculiar velocities have been measured for galaxies at redshifts of 3000 km s~!.
An accurate determination of the Hubble Constant requires that the expansion field be corrected for large
scale flow velocities. These are at present mapped with secondary distance indicators. The LST with its
significantly higher angular resolution would permit detection of Cepheids out to Coma. The LST would
permit our model of these flow velocities to be tested directly with Cepheid distances, an important check
on HST’s Hp.

A new technique that is based on measurement of the fluctuations in surface brightness that arise
because of statistical clumping of stars appears to result in very precise measurement of distances — possibly
to accuracies of 5%. This technique also has the potential for allowing valuable constraints to be placed on
the age and metallicity distribution in the stellar population. While HST, in conjunction with observations
from large ground-based telescopes, will probably allow precise measurements out to Coma, extension
beyond that will require larger space telescopes. The possibility that galaxies are clumped and structured
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on scales larger than 10,000 km s~! and so will require accurate distance determinations to beyond such
velocities, is a further argument for LST, and its successor, the 16 m NGST

Nature of galazy nuclei, AGNs, and QSOs.

It has been known for over a quarter of a century that many galaxies possess highly luminous nuclei.
QSOs are the most dramatic examples. More recently, it has become clear that this is a widespread
phenomenon and that the majority of galaxies, including our own, exhibit activity at some level. The
most common explanation of these phenomena involves black holes with masses between a 10° and 10° Mg,
orbited by extensive accretion disks. However, the black hole models remain unverified. A new generation
of UV-Visible space telescopes would place our understanding of active galactic nuclei on a firm footing and
should help us to develop theories of galaxy evolution that parallel existing theories of stellar evolution.

A 10® Mg black hole has a size comparable with that of the Earth’s orbit. So for the closest active
galaxies, at distances of order 10 Mpc, this subtends an angle ~ 10~7 arcsec, far too small to be resolved
by any telescope. However, its presence can be detected indirectly, through its dynamical influence on the
surrounding stars which move at ~ 1073 the speed of light and are therefore influenced out to a 10° black
hole radii, or ~ 0.1 arcsec for nearby galaxies with a 108 Mg black hole. Observation of this effect has been
attempted, with promising results, on a few nearby galaxies both active and inactive, using ground-based
observations where only a few resolution elements are possible. HST, with its tenfold increase in resolving
power but a lower sensitivity than ground-based telescopes, should allow some improvement to be made in
these measurements.

Observations with high dynamic range and angular resolution superior to ~ 0.1 arcsec will be necessary
in order to weigh nuclear black holes and elucidate their fueling in a variety of galaxies (or to the contrary,
demonstrate that black holes are not responsible for nuclear activity).

Most AGN radiation appears in the UV and probably originates from the inner parts of an accretion
disk. UV emission is also responsible for exciting the broad emission lines that are the primary indication
of nuclear activity. Without data in the UV it has not been possible to measure AGN powers to better
than a factor of ten. In order to understand the compete spectrum of an AGN, it will be necessary to
observe high-redshift QSOs in the UV with magnitudes fainter than ~ 19 mag, too dim to be seen with
Lyman-FUSE. This would enable photon energies as large as 60 eV in the QSO rest frame (within a factor of
two of the energies of photons observable in nearby AGN with X-ray telescopes like AXAF) to be detected.
These measurements should also provide crucial tests of theories of accretion disks.

Most QSO and Seyfert infrared radiation is now believed to be re-radiated by dust in orbit around the
active nucleus. For the closest active galaxies, the expected size of the 10 um infrared source is ~ 10 pc or
~ 0.1 arcsec. Fainter infrared emission may be detectable from closer low-luminosity AGNs.

Radio-loud QSOs and radio galaxies produce non-thermal jets, some of which have been detected at
visible and UV wavelengths. Lower power bipolar outflows have been observed from Seyfert galaxies and are
known to be related to the narrow emission line regions. Continuum imaging of visible and UV jets could
greatly clarify the particle acceleration mechanism. Line imaging may allow a determination of the outflow
speeds, which cannot be measured using radio techniques.

The required advances in angular resolution needed for both the spectroscopic and the imaging studies
must come from space-based interferometry. For example, a 50 m baseline deployable interferometer could
yield images with resolutions of 2 milliarcsec at 400 nm (5 x 10'7 cm at Virgo). Ultimately 10 km baseline
interferometers on the moon may resolve accretion flows at optical wavelengths.

Formation and evolution of galazies at high redshifis.

A high-priority scientific objective for large space telescopes is the study of galaxies at high redshift.
The imaging and spectroscopy of galaxies at redshifts z > 1 is crucial for understanding how galaxies form
and evolve. While the epoch of galaxy formation is very uncertain, existing data suggests that the redshift
range of 2-4 is a particularly promising region for exploration. The recent results for radio galaxies, the deep
galaxy counts and color surveys, the long standing results from QSO studies, and the significant evolution
seen at redshifts z < 1 all support such a view, as do evolutionary N-body models.

In particular, these models and the data suggest that galaxy formation involves the interaction and
assemblage of galaxies from clumps. Galaxies as we know them today would build up through interactions
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and merging of such clumpy subunits. While such a view should be adopted with caution, it does give
guidelines as to the capabilities needed to detect, map and establish the physical and kinematic conditions
in protogalaxies. What is clear is that both resolution and sensitivity will be crucial, for spectroscopy as
well as for imaging. The characteristic scale of structure in galaxies is hundreds of parsecs. Resolutions that
match these scales are of particular importance for understanding the evolution of galaxies, since much of
the structure in galaxies occurs on such length scales of 100 pc to 1 kpc (e.g., star forming regions, spiral
arms, merger “arms and tails”).

Thus resolutions substantially better than 1 kpc are required, with sufficient collecting area to obtain
images and spectra of objects fainter than 27 mag. IR observations will be important as the redshift moves
much of the information out beyond 1 um. Cooled, low background telescopes are therefore necessary.

HST will offer significant gains over ground-based observations when it is equipped with image-correcting
instruments, but will typically be limited by its light-gathering power to objects at z < 1 for this extremely
difficult problem. The 6 m LST and particularly the 16 m are highly suited to this task. They have the
combination of resolution and sensitivity needed to detect and measure structure in z > 1 “galaxies”. LST
will provide an essential intermediate step in capability from HST to allow continuing progress in this
fundamental area.

LST gives resolutions of 15 milliarcsec at 400 nm. A resolution of 15 milliarcsec corresponds to ~ 150 pc
resolution in galazies at any redshifl, given currently accepted cosmological parameters. This is remarkable.
This is within a factor 2 of the resolution with which we see Virgo galaxies from the ground (1 arcsec is ~ 75
pc at Virgo). The resolution on high z objects would still be ~ 1 kpc in the zodiacal background minimum
at 3 pm (see below). The 16 m NGST would improve on this, and bring its greater collecting area to bear
as well.

Simulations of the imaging power of the 16 m NGST are shown in Figure 1. These simulations were
made by Jim Gunn for “The Next Generation Space Telescope” workshop held in Baltimore in 1989.
Galaxies at a redshift z ~ 1 appear as though they were nearby objects being observed from the ground!
While HST’s abilities in this area are impressive compared to that available from the ground, the contrast
with the 16 m is striking.

The simulations were made using images for a typical nearby ScI-II spiral galaxy. They were made
assuming no luminosity evolution at a redshift z = 1 and for images taken in the rest-frame B-band
(observed at 9300 A with a 20% wide filter). They were assumed to be taken with a CCD camera with
realistic throughput and noise characteristics. With the wide field of the 16 m and mosaics of CCDs similar
to those now being obtained, hundreds of such galaxies could be imaged in each exposure. The galaxy frame
(of NGC 2903 at 10 Mpc) used in the simulations was taken in 0.8 arcsec seeing conditions; any worse and
the image would not have been adequate to simulate the capability of the 16 m at z = 1!

In addition to the resolving power and sensitivity of these telescopes, the low IR background will become
increasingly important for the study of high redshift objects. It is in the near-IR at around 3-4 pm that
the sky is darkest from space. This minimum occurs in the transition zone between zodiacal scattering and
emission. The background at 3-4 um with a passively-cooled space telescope will be ~ 10~ of that from
the ground, a substantially greater gain than the 10~3 decrease expected in the 1-2 ym region accessible to
HST.

The light from the stellar populations in very distant high-z galaxies will be redshifted into this
region, as will many of the important emission lines. Observations at these wavelengths are then of
particular importance since comparisons with nearby well-studied galaxies will require spectra and colors
that correspond to visible light in the rest-frame. Already, but with great difficulty because of the high
background, 2 um observations from the ground are being used to try to determine the contribution of an
“old” stellar population in high-z objects.

The Second Generation IR camera for HST (NICMOS) with its 1-2.5 um imaging capability will allow
very substantial gains to be made, but the background from the “room temperature” HST and the limited
resolution (~ 0.25” at 2.5 um) will not allow HST to fully exploit the potential of space observations in
this region. The combination of low background, resolution and spectroscopic performance from a large
collecting area will likely prove essential if we are to probe this redshift range in a direct way. In other
words, telescopes such as LST and the NGST will probably be essential if we are to understand fully galaxy
formation and evolution in the redshift range z ~ 1-5 (or beyond to z > 57).
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Figure 1. Simulations of the potential imaging performance of HST and of a 16 m diffraction-limited telescope, for a z = 1
Sc spiral. a) Left panel. A three orbit (approximate 2 hours) exposure with HST and the WFC of the replacement camera,
the WF/PC-II. The (undersampled) resolution is about 1 kpc. b) Right panel. The 16 m with a 2 hour integration. The
imaging performance is spectactular. This is the resolution with which we image Virgo cluster galaries from the ground.
Except for noise it is almost indistinguishable from the original CCD image of the 10 Mpc galaxy. The LST would have
intermediate performance.

Cosmology.

The fundamental cosmological parameters remain uncertain. Accurate measurements of the geometric
parameters (the Hubble constant Hy and the “deceleration” parameter go), the age of the Universe ¢y and
the density of the universe Qg are needed. In addition, accurate abundances of the cosmologically important
elements, deuterium, lithium, and helium are also needed. Several of these problems have been addressed
earlier, particularly the determination of the Hubble constant and the limits on ages from age-dating the
oldest stellar populations. A key issue is the comparison of the cosmological clock with the stellar nuclear
clock.

The Deuterium abundance is a high priority for Lyman-FUSE, and one of its outstanding scientific
goals. The abundance of deuterium is a sensitive diagnostic of conditions in the early universe and its
determination is of particular interest for issues relating to the baryonic content of the Universe.

New approaches to establishing distances to distant galaxies that will utilize the spatial resolution
of HST, and subsequently LST, would allow tighter limits to be placed on go. Examples are the use
of distant supernovae and those techniques that depend upon combinations of structural parameters and
kinematic data, such as the Fisher-Tully relation for spirals. A similar relation is now known for ellipticals.
Comparisons of go with Qo (determined locally from large-scale motions), and also of to with Ho and 2
are likely to have interesting cosmological implications (i.e., the value of A). Fundamental tests of the
simplest Big Bang cosmological models will be made by combining data on the formation epoch of galaxies,
inferred from observations of distance galaxies and from the ages of populations in nearby galaxies, with
these determinations of Hg, go and €.

The nature of the dark matter remains enigmatic. While many tests will be performed by ground-based
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surveys (e.g., for brown dwarfs and microlensing) the spatial resolution available from space telescopes will
play a crucial role in defining the dark matter distribution in galaxies and clusters (and elsewhere) through
gravitational lensing studies. '

Another area of considerable interest for its cosmological implications is the question of structure in
the universe. The large-scale clustering of galaxies poses particularly challenging theoretical constraints.
These are becoming increasingly difficult to reconcile with current models. If significant structure really
exists on scales greater than 10* km s~! careful mapping of the distances of large samples of galaxies will
be required. Developing accurate distance measurements will require application to samples at z ~ 0.1.
Many of these techniques require high spatial resolution and so need space telescopes, such as HST, LST
and interferometers.

Such telescopes will also have a particular role to play in investigations of the evolution of structure with
time, both directly at high redshift and through measurement of QSO absorption lines. The characteristics
of galaxies at higher redshift as a function of galaxy density will be of particular interest.

The determination of the shape, amplitude and origin of the fluctuation spectrum will be potentially
the most significant link between astrophysical constraints and work of the particle physics community with
the supercollider. The observational difficulty of answering these cosmological questions and deriving the
fundamental parameters will require a concerted long-term ground and space-based program.

II. IMPLEMENTATION OF THE SCIENCE PROGRAM.

The UV, Visible and near-IR region lies at the center of contemporary astrophysics. This is due in part
to the vast historical base of information and understanding that has been developed over the last century
of observations with ground-based telescopes, and the last few decades of exploratory UV observations. It
is also due to the physical nature of the universe, in that much of the baryonic matter in the universe can
be studied and diagnosed through its radiation in this region. Space astronomy in the 1990s and into the
next century offers opportunites in this regime for fundamental improvements in our ability to probe and
understand the universe. The Great Observatories program, with HST at its heart, exemplifies the central
role that UV, Visible and near-IR region plays. EUVE and Lyman-FUSE further demonstrate the potential
of missions in this region.

With the launch of HST a new era has begun for space astronomy. The initial steps have proven to
be more difficult than should have been the case. However, HST’s optical problems, while serious, can be
overcome in part, and will likely result in a telescope that can meet most of its original objectives. The
importance of large space observatories should not be lost in the discussions that result from this failure.
The problem did not result from the requirements outstripping the available technology, but was a failure of
testing and oversight. The complexity of the management of large projects should not be underestimated.
The HST experience indicates that the management, review and oversight process needs to be given as
much visibility as the technical challenges that face a project of such scope. The success of the high energy
physics community both here and in Europe in managing large, complex scientific projects at the forefront
of technology shows that such projects can be successfully carried out. It is crucial that the lessons from
these projects and the experience with HST be taken to heart by all the participants in future projects.
In particular, the full involvement of the scientific and engineering resources of the science community is
essential.

A coherent long-term program driven by scientific and technical opportunites needs to be developed
and implemented to build upon this first Observatory mission. A central element of such a program would
be a continuing series of long-lived missions that are directed at tackling and solving the fundamental issues
of astrophysics. These include the formation of stars and planetary systems, the formation and evolution
of galaxies, and the structure and geometry of the universe. To do so will require that we fully exploit the
potential of space observatories. While new technologies and launch capability will be needed, substantial
gains can be made through incremental utilization of developments in these areas.

While observatories like HST are central to the program, a crucial element is a parallel program of
continuing missions that explore and exploit areas that are not possible with large observatories. Examples
are spectroscopic and imaging systems in the far UV and the EUV; the potential of high spatial resolution
offered by interferometers; the gains from precision astrometry of large samples of objects; concurrent
observations across a broad wavelength region, particulary of time-dependent phenomena; and all-sky
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surveys for both point sources and for low-surface brightness structures. As COBE has recently shown and
as EUVE and Lyman-FUSE will show, data of great importance to astrophysics can be obtained within the
very cost-effective directed missions of the Explorer class.

Such missions also can play a critical role in both the technical and managerial training of scientists,
instrumentalists and technologists. Such training and experience is necessary for the synergism needed
between the science community, industry and government that is critical for the long term health of a space
science program, and for future Observatory-class missions. A complementary, viable and dynamic program
of Explorer-class missions managed and implemented by PI teams is an essential component of the overall
program.

The Observatory-class mission program begins with HST. Its potential must be realized through
the implementation of image-correcting instruments, starting with the WF/PC II. The Second Generation
instruments, the near-infrared camera and spectrograph NICMOS, and particularly the imaging spectrograph
STIS should be redesigned, developed and implemented as quickly as possible. A state-of-the-art Third
Generation instrument set should follow the Second Generation instruments. An advanced camera would
be an example of such an instrument. The importance of optimizing the operational effectiveness of HST
should not be overlooked. It will pay handsome scientific dividends. HST must be supported until its
successor is available, so that its crucial capabilities in the UV, Visible and the near-IR are not lost in the
era of the Great Observatories.

The problems associated with HST emphasize the need for an early development of its successor, the
Large Space Telescope, LST. The LST would be a 6 m-class passively-cooled UV-Visible-IR space telescope.
Substantial gains in capability and science productivity are possible through implementation of developing
technologies, and through its location in High Earth Orbit (HEO). It is recommended that this be a truly
international partnership amongst the major space nations. With the global interdependence of nations, and
the dramatic changes which are leading to common interests, such a scientific venture could act to cement
these common goals in this last frontier.

Planning and development of its successor must begin soon if it is to be available within 5 years of the
nominal end of HST’s life. The experience gained with HST and the maturing of instrumental and optics
technologies should allow us to build a substantially more powerful successor to HST on a shorter timescale
and at reduced cost relative to HST. We recommend that a compact, passively-cooled telescope be planned for
deployment in 2009. With concept development and planning beginning in 1993 and a new start in 1999,
the launch of LST in 2009 is a realistic goal.

The compact design of LST in HEO and the use of optics and control technologies unavailable for HST
should lead to an overall weight comparable to HST. Its instruments can be developments of the mature
technologies that will be used for the Second and Third Generation HST instruments. By passive-cooling to
~ 100°K, LST will have a background at the zodical light minimum at 3 pm that is siz orders of magnitude
less than from both HST and the ground. Images of 10 milliarcsec at 0.25 pm could be expected from
improved optical performance.

Finally, the program leads to the implementation of an observatory of astonishing power, the Next
Generation Space Telescope (NGST), a 16 m UV-Visible-IR telescope. The technical and logistical challenges
of such an observatory are substantial, but they are by no means insurmountable. We should also utilize
some of the technological developments for the 16 m in the 6 m successor to HST. By so doing we will not only
obtain a telescope of substantially improved capability, but will further refine the technologies in a working
observatory. The modular nature of a 16 m telescope and the required long life make the Lunar Outpost a
natural location for the NGST, particularly if it is combined with a very large km-scale interferometer. The
km-scale interferometer complements NGST and allows for study of outstanding astrophysical phenomena
on microarcsec to milliarcsec scales that cannot be reached by other means.

The goal of these wide ranging efforts is deeper understanding of the universe. Scientific understanding
comes through careful data analysis, extensive modeling and concurrent theoretical developments. Only
if such activities are adequately funded can the great investment in facilities be appropriately redeemed.
Long-term funding for students, researchers and for the equipment necessary for their research programs is
a crucial element of the program. We applaud the very substantial gains made in this area within NASA
over the last few years. Such funds should continue to be routinely associated with new missions and
observatories at a level that allows the scientific returns to be commensurate with the cost of these missions.
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All-sky access to ground-based telescopes for a variety of observations, but notably spectroscopic follow-
up, will continue to be needed. Spectroscopic observations are invariably time-consuming, but provide
the physical information needed for understanding. The unique capabilities provided by high-performance
spectrographs on space observatories, will need to be complemented by efficient spectrographs on large
ground-based telescopes; they will be needed into the indefinite future. Continuing access to large 44+ m
ground-based telescopes in both hemispheres, and the funding necessary to support those programs is an
essential element of the astrophysics program.

High performance optics are a central component of all instruments in this wavelength range. The
scientific goals demand more difficult, larger and smoother optics. Weight will continue to be a concern,
particularly as the gains to be realized from HEO operation and beyond become a driver for missions. A
further concern driving one beyond LEO (Low Earth Orbit) will be the increasingly high probability of
damaging collisions with space debris. As optics and hence structures get larger the difficulty of pointing and
tracking increases. Moving away from fine pointing by body pointing to fine pointing with an optical element
is a very desirable goal. All these concerns lead to the need for lightweight optics with high performance
surfaces with active elements. The need for a technology development and demonstration program is clear.
It will return great value across missions of all scales in the UV-IR region.

III. THE OBSERVATORY-CLASS MISSIONS.

The science objectives call for an enhanced program of long-lived, large telescopes with imaging and speciro-
scopic capability from the UV to the mid-IR. HST is the first of this new class of Observatlories. It would be
followed by the 6 m LST and ultimately by the 16 m NGST. The crucial elements for this decade, beyond
HST’s image-compensaling instruments and ils optimization, are the third-generation instruments for HST
and the starl of LST, the 6 m successor to HST.

HST.

HST is the premier instrument of NASA’s Great Observatory series and will be the cornerstone of the
space UV, Optical and Near-infrared program for the 1990s. In performance and overall capability, HST has
the potential to surpass all other space and ground facilities operating between 0.12-2 pm in this decade.
Only in visible and near-IR spectroscopic capability will it be challenged by the new 8-10 m ground-based
telescopes. It is crucial that that potential be realized by new instruments that will restore and extend
its imaging and spectroscopic performance. HST’s sensitivity and resolution will link future observations
at other wavelengths from both ground and space. Its intended lifetime (15 years) will span the entire
generation of Great Observatories (HST, GRO, AXAF, and SIRTF).

The scientific returns possible from HST require that we restore its optical performance with new
instruments, and maintain and refurbish the Observatory and its supporting systems until its successor has
been launched or is in the final development phase (late Phase C/D).

The replacement camera, the WF/PC II, should be completed and implemented as soon as possible.
It is also crucial to accelerate the development of the two Second Generation scientific instruments, the
NICMOS and the STIS. These should be completed rapidly and deployed as early as possible ~ by 1995-6.
They not only bring very large gains in capability to HST, but will help to restore much of the lost capability.

The breadth of the science program of HST attests to the power of observatories in space. For example,
HST is expected to play a key role in finally determining an accurate value for the Hubble constant. The use
of QSOs to explore the intergalactic medium in the young universe as well as of the gaseous components of
young galaxies will also be greatly enhanced by our ability to explore like environments at current epochs.
We will be able to relate the absorption-line systems to objects that can be studied directly from HST and
the ground, thereby helping us to understand those objects in the young universe that contribute to the
high-redshift absorption-line systems.

The parallel mode surveys that can be made with the cameras on HST have the potential for making
major discoveries. While the images will be of great value for elucidating the structure of distant galaxies
and for establishing the distribution of stars throughout the Galaxy, they are likely to surprise us since the
images will be taken serendipitously.
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The operational support will be as challenging and as critical to its scientific productivity as the
performance of the major spacecraft elements. NASA and the scientific community have made considerable
investments in the Observatory and the science and mission operations systems which will sustain the 15 year
scientific mission. It is critical that these efforts be continued, and, in addition, that the M&R (Maintenance
and Refurbishment) program maintain and improve the Observatory so that its 15 year mission is productive
and fully complementary to its sister Great Observatories.

The goal of these efforts is to maximize the scientific productivity of HST over its 15 year lifetime.
This involves providing responsive and efficient spacecraft and science operations, including scientific
capabilities and improvements to science efficiency that are not yet available. Near-term examples that
are being implemented to meet the original goals of HST are improved support of planetary observations
and parallel observational capability with the cameras. By optimizing science planning though improved
planning software, a 66% increase in the amount of useful observing time is potentially available. Continued
refurbishment of the spacecraft, orbit and ground systems will be essential if the high level of scientific
productivity is to be maintained.

A strong data analysis program is required, as is the rapid diffusion of the scientific results. Important
elements of this are the development of the HST data archive, and the adequate support of General Observers
and Archival Researchers working on analysis of HST data. Every effort should be made to educate and
involve the next generation of scientists in HST activities.

Third Generation Instrumenis for HST.

A third generation of instruments should be planned for an M&R mission later in the decade. These
also will play a major role in ensuring the continuing high productivity of HST. While the selection should
be made through peer review, examples of likely instruments could be:

An Advanced Camera. A more sensitive camera with better sampling of the corrected PSF (Point
Spread Function) in both the UV and the visible would be a major improvement over that expected for
the WF/PC II. Higher performance in the UV would require a large visible-blind array detector with good
dynamic range or the development of visible-blocking filters. Higher performance in the visible requires
CCDs with efficient coatings over broad wavelength ranges and lower readout and dark noise. Incorporation
of a narrow-band imaging capability across a wide field could provide new insights in many areas, for
example, AGNs, star forming regions and distant clusters. This might be accomplished with a Fabry-Perot
system or an Acousto-Optical Filter.

A high performance Spectrograph. ~ STIS is an excellent example of the spectroscopic gains that can
be made with contemporary technology. Further gains are possible. One potentially very valuable area
for improvement is multiobject capability with a programmable multislit system. This would overcome the
current restriction to observing one target at a time. The multiobject system could utilize fibers, slits, or
more generic technologies that would allow arbitrary-shaped entrance apertures to be defined (based, for
example, on liquid-crystal-like technology). Substantial gains in effective throughput would result from such
techniques. Spectropolarimetry is also an area that could be valuable to explore. Cosiderable scientific
return could result from having linear and circular polarimetric capability, far UV capability, very high
spectral resolutions (108), and from fully utilizing the high angular resolution of HST in the UV and visible.

LST - the 6 m Successor to HST,

The scientific case for enhanced Observatory-class capability in the UV-IR region is overwhelming. The
panel strongly recommends that a 6 m-class telescope be launched in the first decade of the nerxt century.

Substantial gains in capability can be realized at a cost comparable to HST. Building upon the advances
in technology and instrumentation, the 6 m LST would offer a substantial performance boost over HST,
while not being strongly dependent on as-yet to be developed technology. The improvements in optics
technology, the maturing of detectors and instruments, and the technical and managerial experience gained
in the nearly two decades since HST was designed, will make LST an affordable project, even though the
primary optic is significantly larger. Tremendous gains in sensitivity in the near-IR would accrue from a
passively-cooled optical system. The operational complexity and cost can also be substantially reduced by

placing the telescope in HEO.
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As noted throughout the science discussion in §I, LST can have a substantial impact in almost every
area of endeavor, from cosmology to planetary systems. While the testing of the existence of truly Earth-like
planets will await 16 m class telescopes and interferometric techniques, very substantial gains can be made
with LST in the area of planetary system studies in the Solar neighborhood within ~ 10 pc. It is clear that
major issues can be addressed in the areas of the ISM and its evolution with time, in stellar astrophysics, in
star forming regions, in studies of activity in galaxies, and in stellar population studies. In this latter area
thresholds are passed that allow for the study of populations in nearby galaxies that will establish how such
galaxies form and evolve. The constraints placed on the ages of the oldest populations also help determine
the age of the universe. Since the Hubble constant will be well in hand by the time LST is launched this also
allows constraints to be placed on other fundamental cosmological parameters (e.g., o). Its image quality
and infrared sensitivity combine to give it the power for studying galaxies in their youth, and even during
formation, that far exceeds that of HST and any ground-based facilities.

With improvements in optical fabrication techniques, the wide-angle scattered light in the UV and
visible from residual small scale surface structures could be substantially decreased below that expected
for HST (after correction of the spherical aberration). This would have major implications for the science
program. The UV gains would result in improvements in the imaging capability — 10 milliarcsec resolution
at 0.25 pum is a reasonable goal for a 6 m. The dynamic range that would result from lower scattering would
have immediate advantages for detecting large planets and protostellar disks, as well as for the study of
QSOs and AGNs. It would be ideally suited to stellar studies with its sensitivity (10:1 S/N) of 30 mag in
104 s in the V band for unresolved sources. Its power for galaxy studies, particularly distant galaxies, can
be estimated from Figure 1, where its capabilities would fall between HST and the 16 m NGST.

The use of active optical elements would greatly reduce the difficulty of developing a pointing and
tracking system to satisfy the more stringent requirements of this telescope. The structural requirements
would be relaxed also by the use of an active optical system. The varying thermal loads of LEO would be
eliminated, as would the effects of aecrodynamic drag. The complexity of the power system is eased in HEO.
Furthermore, body-mounted solar arrays could be used.

Passive cooling could greatly enhance its IR performance. If the telescope could be cooled to the vicinity
of 150°K, it would allow background-limited performance to beyond 3 um where the zodical background is
at its minimum (between scattering and emission). Cooling to ~ 100°K would result in outstanding gains
in the mid-IR at 10 pm and beyond. Passive cooling to this level would be quite possible in HEO. Its IR
sensitivity would be high. If it is cooled to 100°K its 3 um sensitivity (S/N = 1; 500 s integration) would be
~ 15 nJy, and its 10 gm sensitivity would be 2 pJy, ~ 30X and 3X, respectively, the sensitivity of SIRTF in
the near-IR. With its higher resolution (> 6x that of SIRTF) it will build upon the science programs and
discoveries of SIRTF.

Difficulties will arise in fabricating and testing large optics for use at those temperature, but an even
more challenging goal (< 100°K) is being set for the 16 m, and so technological development needs to occur
in this area. The scientific gains are large. The background would be reduced by siz orders-of-magnitude at
3 microns compared to that typical of ground-based telescopes.

With the developments in detector technology, particularly with CCDs and near-IR detectors, photon-
limited wide field imagers and spectroscopic systems that approach theoretical limits appear to be quite
feasible. Particular attention will need to be given to the operation of detectors in the higher radiation
environment of high earth orbit. This is an open question, but it has been argued that the low read noise and
the high charge transfer efficiency of contemporary detectors allow multiple short exposures that minimize
the effect of high particle rates. The Second and Third Generation instruments for HST will lead to mature
technologies for detectors and instruments that can readily be applied to a smaller complement of versatile
instruments for the LST.

The complexity of the ground system for HST is driven largely by the many constraints of LEO
operation (which in turn was dictated by the use of the Shuttle for deployment and on-orbit maintenance).
A substantial fraction of HST’s cost has occured as a result of these constraints and complexities. Operations
costs and the costs of maintenance will eventually dominate the total program cost. Not only does operation
in LEO incur large cost penalties, but the intrinsic efficiency loss also compromises the science program and
the science productivity of the telescope. The cost of operating and maintaining HST will exceed $150M
per year, not including the support for data analysis. A high priority goal for future space science missions
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Figure 2. A schematic of the 6 m HEO LST. Apparent are the compact dimensions that result from the use of both a fast
primary and the short baffle that is practical in HEO. A preliminary analysis of the weight of such a telescope indicates that
it would be comparable to that of HST.

should be access to HEO. Operations costs for a HEQ LST would be reduced to a small fraction of that
above.

The total cost of HST has been quoted as being in the vicinity of $1.5B to $2B. What is usually
not realized is that a very substantial fraction of the cost of HST has been incurred by the ground and
operational system software and hardware costs, and by the engineering analysis, spare parts inventory and
additional management needed for the M&R program. Both these elements are driven primarily by HST’s
location in LEO. An additional factor was the lack of maturity of instrumental and spacecraft technology
and the lack of experience with such a large, complex spacecraft. While it is not clear what the actual
costs are, reasonable estimates place the ground and operational system costs at ~ $400M and comparable
amounts for the M&R program. Thus the actual cost of the flight hardware system of HST is closer to $1B
than $2B. This provides a valuable baseline number for discussions related to the cost of LST.

Why should the cost of LST not be proportionally larger by the usual scaling laws? There are several
very good reasons why the LST as discussed here would lie on a very different cost curve from HST. An
obvious one is that HST is the first of the UV-Visible Great Observatories, and that it is based on technology
that is now nearing 20 years in age. We have learnt a lot since HST was conceived, and technologies in many
areas have advanced significantly (e.g., optics, electronics, computers and control systems, and instruments).
Such technological advances will make a very significant difference to the construction and operation of LST.
Another useful guide to cost has been spacecraft weight. A preliminary analysis of the likely weight of an
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Figure 3. An artist’s conception of the 6 m LST in HEO.

HEO LST, (of the design shown in figures 2 and 3) is that it will be comparable to HST. While not obvious
at first sight, this result is quite plausible.

The technological developments that lead to substantial weight savings over HST are many. In addition,
substantial efficiencies accrue from operation in HEQ. Together they make a dramatic difference. First,
new optics polishing and fabrication technologies (ion polishing; stressed lap polishing) will lead to lighter,
higher-performance optics. Second, a simpler structural support for the secondary with active location to
compensate for modest thermal and aging variations leads to a lighter and less demanding optical assembly.
Third, the fast focal ratio leads to a short structure and a very short baffle because of the HEQ location.
Earth and Sun angles of 90°are realistic in HEO. Fourth, the instruments can be comparable to those
in HST, and could well be modest developments from the HST Second and Third Generation systems.
Fifth, the power requirements are lower and much less complex because there is no rapid charge-discharge
battery cycling. Sixth, more durable and reliable body-mounted solar panels would be used. Seventh,
HEO operation plus an active optical element for fine pointing combined with large area detectors for field
acquisition and guiding will greatly simplify the PCS (Pointing and Control System). This has been one
of the most demanding elements of HST. Finally, by taking the step to a non-man-rated, non-maintainable
Observatory (except possibly for robotic replacement of cryogens, for example, if active cooling systems do
not reach maturity) considerable further savings can accrue.

While we have discussed the LST as being a single all-purpose UV to mid-IR telescope, it has been
suggested that it may well be cheaper to design and configure two 'spacecraft, one for the UV-Visible and
the other for the Visible-IR. This is not obviously the case. Cost tradeoff studies need to be undertaken to
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establish the most cost-effective and timely route to fruition of the program. Meanwhile the LST will be
discussed as being a single UV-Visible-IR telescope.

The surfacing of a major optical problem with HST has emphasized again that the successful completion
of a project of this scale is more than just the application of sophisticated technology. The optics problem is
but the most obvious of many such examples throughout the HST program. Problems and mistakes are to be
expected in projects of such scale. The process must have mechanisms that allow for the early identification
and rapid correction of such occurences. The complexity of such projects brings with it a challenge for
the oversight, review and testing that is comparable in difficulty to the technology developments. This
challenge must be faced squarely, and must be given the same level of attention as that required for the
technological developments. The lesson to be learnt from HST (and from the success of even larger high
energy physics projects and others) is that the management must be done by experienced people with deep
technical backgrounds and a long-term commitment to the program. In addition, it must involve fully the
end users of the mission in the process. That is, it must involve the scientific and engineering resources
of the scientific community. The lessons from HST should not be neglected as we move ahead with large
projects like LST.

The current state of launch vehicles is in flux. The envelope and weight requirements for such a spacecraft
could easily be met by the larger members of the US ALS/HLV (Advanced Launch System/Heavy Lift
Vehicle) ELV (Expendable Launch Vehicle) program. Shuttle-C also could be configured to accommmodate
such an envelope. Whether it will is unknown. The Soviet Energia could easily launch such a payload to
HEOQO. The options for an appropriate upper stage for orbit circularization need to be investigated further.
Further orbit tradeoff studies along the lines of those done for SIRTF need to be carried out.

The essential and central role of an UV-Visible-IR observatory in astrophysics makes this a natural
program for an international collaboration. It should receive very widespread scientific support. Furthermore,
it has the capability, longevity, and “presence” to be attractive as a truly international scientific venture for
the first decade of the new century.

Next-Generation 16 m Telescope.

Some of the most demanding scientific goals are beyond the power of even a 6 m space telescope. For
a range of questions of fundamental significance it is clear that a telescope as large as 16 m is required.
The NGST, Next Generation Space Telescope, would be a passively-cooled, diffraction-limited, telescope
instrumented for the UV-Visible to the mid-IR. It would have unprecedented power for tackling a wide
range of the most fundamental astrophysical problems, from the detection and spectroscopic observation of
Earth-like planets to the structure of (forming?) galaxies at redshifts z approaching those of the highest
redshift QSOs.

The investment in such a telescope would require it to be a long-lived facility. As such it would naturally
form a part of the science program for the Lunar Outpost. In addition, very real advantages accrue for such
a telescope from the use of the Moon as a base. The stability and isolation from noise sources afforded by
the moon could be crucial if its ultimate performance is to be achieved. It could also be combined with the
proposed very large interferometer. The combination of the NGST and the km scale interferometer is one
that pays substantial scientific dividends. The NGST would enhance the sensitivity of the interferometer
with its large collecting area. The ability to provide data for complex strucutres on scales of 5 milliarcsec to
arcminutes also enhances the utility of the interferometer. It then provides a natural overlap in resolution
with data from ground-based telescopes and from space telescopes in other wavebands.

While initial studies may focus on the development of such a telescope as part of the Lunar Qutpost
program, these studies should be generic in nature. If the Lunar Qutpost program fails to develop an
attached, large, long-term scientific capability, the developments can be utilized for space missions.

The telescope would have a lightweight, segmented primary with active wavefront sensing and control for
diffraction-limited performance, into the UV if technically feasible. The optics are particularly challenging
because of the objective of detecting and studying Earth-like planets. This will require low-scattering optics
for high dynamic range. As for the 6 m, the structure and optics would be passively-cooled but now to less
than 100°K to maximize the contrast for the planet detection and measurement program. Per resolution
element the background would be 21 mags less than that on the ground to beyond 10 um, i.e., ~ 1078 that
for ground-based observations of unresolved sources.
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With a collecting area that is 44 times that of HST, the sensitivity for unresolved sources is remarkable.
The visible background is ~ 32 mag per resolution element, i.e., ~ 10~* that for ground-based observations.
In the V-band, unresolved objects could be measured with 10:1 S/N in 10* s to 32.5 mag! The sun could
be detected with 10:1 S/N at 3.5 Mpc, and a 10-day cepheid at 200 Mpc. A z = 2, My = -21.5 normal
galaxy containing an 18th mag QSO could be detected at 5:1 S/N, all for 10* s integrations. The simulations
in Figure 1 graphically demonstrate the power of this telescope. Its 3 pm sensitivity (S/N = 1; 500 s
integration) would be ~ 3 nJy, while at 10 gm it would < 0.5 uJy.

With reasonable projections from current detector technology, mosaics of detectors could be used in
wide-field cameras to give fields of several arcmin in size with diffraction-limited images. Resolutions would
range from less than 3 milliarcsec in the UV to 50 milliarcsec in the zodical background “window” at 3-4
um. High performance spectrographs would complement the imagers. As in HST, multiplexed operation of
the instruments would allow for surveys of unprecedented sensitivity.

IV. MODERATE AND SMALL MISSIONS.

The Observatory-class missions cannot stand alone. Many scientific programs call for specific capabilities
that cannot be accommodated in the large versatile telescopes. Ezamples such as EUVE and Lyman-FUSE
abound. Frequent access to space for high scientific meril programs thai can address a specific problem will
remain ceniral to the goals of the UV-Visible-IR space astronomy program. Specific ezamples follow.

Delta-class Explorers.

Missions of the Delta-class have played a crucial role in many areas of astrophysics. They will continue
to do so. The panel strongly recommends that the Della-class Ezplorer program be enhanced so as to allow
more frequent missions with shorter development times.

The following §V, which deals with the ongoing program, discusses some excellent examples of current
Explorer missions (EUVE and Lyman-FUSE).

Examples of possible future Delta-class Explorers clearly show that the scientific payback is very large
from an enhanced Explorer program. While the panel believes that the following examples would all provide
excellent and much needed scientific returns, they also feel that the most appropriate approach to the
selection of Explorer missions, both Delta-class and smaller, is through peer review. The examples of
forefront scientific missions (in no priority order) are an all-sky UV Survey that matches the resolution of
the current ground-based Schmidt surveys, a wide-field astrometric system with sub-milliarcsecond accuracy
on small and large scales, a multi-waveband system with the ability for simultaneous observations from the
X-ray through the UV, and a very high spectral resolution instrument for ISM studies.

The lack of an all-sky survey in the UV is striking. While EUVE will map the region below 900 A, the
1000 A to 3000 A range remains unmapped. Ideally the ~ 1 arcsec resolution all-sky Schmidt surveys now
available in the visible from the ground should be matched. A 1 m-class wide-field instrument would reach
hot stars as faint as my = 26, and would provide a vast database of scientific value in its own right, as well
as providing sources for further study with HST and LST. It would provide a quantitative database of UV
point and diffuse objects that will enable statistical studies of hot stars, UV-bright extragalactic sources
and diffuse sources throughout our own and other galaxies. Such a quantitative survey also needs to be
undertaken from the ground in the visible with CCD detector mosaics. The resulting large color baseline
(UV-V) would have particular value for stellar population studies. While the demands on detector and data
handling technologies are large and may have limited the feasibility of such a program in the past, the rapid
maturation of such technologies has made such a program much more realistic.

A similar survey should also be carried out at 2 pm. Future emphasis on the IR through SIRTF, LST
and the NGST makes this an important goal. The first such survey should be carried out from the ground.
However, the reduction in sky brightness in space by three orders of magnitude from that on the ground
would result in very substantial gains in the depth of such a survey. Continuing development of IR array
detectors will make a second space-based survey a practical proposition in the future.

Accurate reference frames, distances and space velocities are fundamental. Beyond a certain threshold
the opportunities for very significant and even fundamental gains in knowledge are available. An astrometric
system that can determine positions of stellar objects with submilliarcsec accuracy is an example. This would
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ideally be usable both for establishing a wide-field reference frame and for small scale mapping. It would
have substantial impact on our confidence in the distance scale, age dating and evolutionary results drawn
from stellar population studies and on the structure of the Galaxy. It would be a very valuable precursor
to the more ambitious and more costly interferometric systems which can lead us into the microarcsecond
range.

Many astronomical objects emit simultaneously across a wide range of wavelengths. For objects in
which such activity occurs on timescales of seconds, minutes and even hours, concurrent observations are
difficult to obtain because of the problems of scheduling multiple instruments. An instrument which allows
simultaneous spectroscopic observations from the X-ray to the UV, and possibly into the Visible would play
a particularly valuable role in understanding time-variable phenomena in a variety of astrophysical systems.
The scientific objectives would include understanding the physical processes occuring in accretion disks, such
as boundary layer phenomena, and the conversion of magnetic energy to relativistic particles and heat, the
characteristics of the matter and radiation environment around highly condensed stars, the physics of the
activity on stellar surfaces and within their coronae, and, on longer timescales, the dynamics and physics of
the activity in active galactic nuclei. Simultaneous observations by co-aligned modest-sized instruments on
the same satellite in HEO will permit uninterrupted long-duration observations of the intrinsic variability
of plasma at 10? °K to 108 °K in these sources. This is not feasible with separate satellites in low Earth
orbit. Furthermore, a quick response could be made for targets of opportunity such as novae, supernovae,
and outbursts in cataclysmic variables and X-ray binaries.

Another area which could benefit from an Explorer-class mission is a spectroscopic study of the
Interstellar Medium at very high resolving powers. At the velocity resolution needed, less than 1 km s™!, the
spectral resolutions required are of the order 10%. Even though bright stars can be used for such observations,
any substantial mapping requires many sources and considerable time to carry out the program. This area
has been the focus of numerous rocket experiments, but an orbital mission would clearly result in substantial
gains in the number of lines of sight and features that could be studied.

The advantages of orbits beyond LEO for Observatory-class misions also apply to these smaller missions.
The returns from IUE attest to the value of HEQ. The scientific return from the HEO missions is sufficiently
high that as the plans for future launch capability are developed every effort should be made to include the
means for ready access to HEO for Explorer-class vehicles. This is particulary prudent since the probability
of damage in LEO from collisions with space debris is increasing significantly and is projected to approach
unity for long-lived missions.

Another issue is the currently planned use of a single Explorer platform for three Explorers, namely
EUVE, XTE and Lyman-FUSE. An expanded Delta-class Explorer program would provide the funds to
allow the acquisition of a dedicated spacecraft for Lyman-FUSE. This is an attractive option given the
potential scientific productivity of Lyman-FUSE and the risks associated with two manned Shuttle missions
to service the platform (see also the Lyman-FUSE discussion in §V).

The primary goal of the moderate-sized program is to improve access to space for the many high-priority
scientific objectives. Enhancement in this area would be directed towards:

(1) Improving the frequency of missions;

(2) Reducing the time to implement the mission;

(3) Giving the PI more direct oversight and responsibility for the mission, with the goal of greater training
and reducing time and cost.

The scientific case for more frequent Delta-class Explorer missions is very strong. While augmentation
of the program is primarily focused towards a higher mission frequency, two other elements, (2) and (3)
above will play a crucial role in containing costs and improving the extremely high educational and technical
training value of such missions.

Reducing the time an Explorer mission spends in the queue preparing for launch is very important.
The timely response to new scientific initiatives through the exploitation of contemporary technology is
a defining goal of the Explorer program. The rationale for the program is undercut when high-priority
missions strech out well beyond a decade, as Lyman-FUSE has done. To lessen the lag before missions can
be carried out will require both an increase in resources for the program as a whole and changes in program
and budget planning. Ideally, the length of an Explorer Project should be determined only by the technical
development schedule, but in practice the time to implement a project is determined by programmatic and
budgetary considerations. As a consequence, the lifetime of a project is often much longer than it needs
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to be. The Explorer Program should be examined to find planning and management techniques which will
reduce the average time in the queue. This will probably mean fewer missions in the queue at any moment,
but more rapid motion through the queue. As part of this change, projects presently in the queue should be
accelerated in order to reduce the lag time. Acceleration will require more overall resources. However, it will
also require good planning and finding the best way to concentrate resources on a limited set of missions,
although for a shorter time.

Acceleration of the Explorer Program has several advantages. Shorter implementation times lead to
more rapid scientific progress. In addition, the cost of a project will be reduced for two reasons: first, there is
always a core group of critical personnel which must be supported despite programmatic changes and delays;
and second, long implementation times increase the probability of changes (e.g., in launch vehicle or mission
operations) which increase the total cost of the mission. More rapid progress will also encourage the most
talented and creative instrumentalists to participate. Indeed, their participation is necessary to produce
the highest quality instrumentation for this program. Thus, a different approach to the programmatic and
project management will not only speed the development of the science, it will produce better missions and
reduce costs per mission.

The third element of the enhanced Explorer program is the much deeper involvement of the PI and
his or her team. With such involvement, these programs can educate those involved and develop the
experience base for the management and oversight of technically complex missions. The PI team should
have greater autonomy and decision-making authority in Explorer-class programs. This also implies that
the implementation plan will play a significant role in the selection process. High scientific merit and
technological readiness will need to be supplemented by a thorough and convincing implementation plan.
The deep involvement in these programs of the science community at universities, labs and centers is crucial
for the long-term vitality of the field. Explorers provide a means of training and of developing the technical
and management skills that are needed if the UV-Visible-IR space science community is to continue as a
vital element of the space science program.

Imaging Astrometric Interferometer.

Long-baseline interferometry would have a revolutionary impact on the study of compact astronomical
objects such as AGNs and interacting binaries. A first-generation orbiting interferometer would provide a
major scientific step in imaging power and provide an essential demonstration of the demanding technology
required for the further development of such systems. An early phase of technology development and
demonstration is required that would naturally lead into a deployable 20-50 m baseline instrument late in
the decade. In particular, this would entail demonstrations of the technologies for large stable structures.

Long baseline synthetic aperture UV-Visible-IR telescopes offer the potential of many orders of magni-
tude improvement in two areas, angular resolution and astrometric accuracy. In order to realize significant
gains over existing and planned space-based observatories, the baseline of the interferometer should be a
factor of 5-20 beyond the 2.4 m aperture of HST. A traditional problem of large optics is maintaining
submicron tolerances for structures many meters in size. Current space interferometer proposals advocate
the use of a laser optical truss as the primary tool, to control the dimensions of the optics. The accuracy of
the optical components in the laser system is the key to the astrometric application of interferometry.

Technology for space interferometry is being developed and should be accelerated so that a moderate
mission can be started in the latter half of this decade. Further technology development in very large
structures (hundreds of meters), hyperprecision (sub-A) metrology, large area optics, and low temperature
optics offer additional orders-of-magnitude improvements in sensitivity, angular resolution, and astrometric
precision. A moderate interferometer mission would be the first step in a sequence of space observatories
that would provide order-of-magnitude increases in performance in one or more directions in parameter
space.

An example of one concept that would have high scientific payoff is a moderate-sized UV-optical
interferometer with three collinear baselines, each of order 10-20 m, with 30-50 cm apertures. Two of the
baselines lock onto reference stars to stabilize the platform allowing long coherent integration times on the
third baseline. Laser metrology would be used to monitor instrumental effects. Astrometric accuracy would
be 10 pas for narrow fields and 100 pas for wide fields. Such accuracies would allow for planetary searches,
determination of the cosmic distance scale from parallax measurements on Cepheids, and linkage of the
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optical and radio reference frames. In its high dynamic range imaging mode (103:1) it would allow study
of such objects as AGNs, QSOs, extended atmospheres, interacting binaries, and gravitational lens objects
fainter than 20 mag at resolutions less than 4 milliarcsec at 4000 A.

The science goals include imaging of the narrow line region in AGNs and QSOs and measurements of the
dust tori, searches for gravitationally lensed objects, and imaging of unique objects such as SS433. It would
have great value for stellar astrophysics for the study of interacting binary systems, for the measurement
of stellar diameters for most bright stars, and for the measurement of limb darkening in supergiants. Its
resolution would also allow continuing studies of planetary and solar system objects (e.g., asteroids) at
scientifically-interesting resolutions.

The astrometric potential is also very exciting. Astrometric searches for extrasolar planets and dark
companions would benefit from the dramatically improved resolution. The distance scale and its many
error-introducing steps could be placed on a much firmer footing by precise parallax measurements to
Cepheids and other objects, and by allowing the distances to Local Group galaxies to be determined
through a combination of kinematic and proper motion observations. Knowledge of the space motions of the
constituents of the Galaxy will also have important implications for the formation and evolution of spiral
galaxies.

Major scientific returns will result from the high spatial resolution that could be obtained only through
interferometry. However, the development and operation of interferometric instruments will be a very
challenging one. This is particularly true of the very large baseline, multi-element systems required for
elucidating the very complex structures that form a major part of the scientific objectives of interferometry
(e.g., AGNs). A realistic program of technology development and demonstration, initially on the ground
and then in space is essential. While likely to be substantially larger in cost than traditional Explorers,
an interferometric system such as that discussed here should be considered as the technological hurdles
are overcome. The panel strongly supports a program of technological development leading to a space-based
imaging asirometric interferometer.

Small Explorers.

Several disparale but important programs comprise the SMALL calegory of our recommended program. While
small they have an impact far beyond their size and so deserve sirong support. They are: a UV all-sky
survey; oplics development and demonsiralion; and enhanced support for related ground-based observations.

SMEX UV Survey.

Most of the emphasis in this wavelength domain has been placed on the larger Delta-class Explorers.
This reflects the relative maturity of observational capability in this waveband. However, there are a few
areas where the smaller Scout-class Explorers (SMEX), or a somewhat more capable Pegasus-class Explorer,
could yield very interesting scientific returns. One such program would be a UV low spatial resolution
all-sky imaging survey. This appears to be scientifically very meritorious and is well-matched to Pegasus or
Scout capabilities.

While there is a clear need for a 1" resolution point-source survey that matches the multicolor Schmidt
surveys available from the ground, a survey at low spatial resolution that is particularly sensitive to low
surface brightness diffuse emission would pay substantial scientific dividends.

An Ultraviolet Background SMEX whose goal is a low spatial resolution survey primarily for low surface
brightness diffuse emission would return substantial science at a very reasonable cost. This could be a small
free-flying Scout-launched mission in an equatorial orbit, dedicated to an all-sky imaging survey at modest
resolution (e.g., 15 arcsec). It would result in a large database of faint ultraviolet point sources, and would
also survey the diffuse ultraviolet background over the entire sky. The inclusion of spectroscopic capability
with modest resolving power (AA ~ 5 i) would also be desirable.

Such a program would make important observations of hot interstellar gas, interstellar dust, fluorescence
radiation from interstellar molecular hydrogen, intergalactic ultraviolet radiation, hot stellar populations
in our own and external galaxies and QSOs; it would also provide a cornucopia of targets for the Great

Observatories.
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Optics Development and Demonstration.

Central to all instruments in this wavelength range are high performance optics. As the field progresses,
the scientific goals will demand not only larger but also smoother and more complex optics. A technology
development and demonstration program for lightweight optics with high-performance surfaces would benefit
missions of all scales in the UV-IR region.

A quantitative, deterministic approach to optical figuring has been the goal of optical development
programs for decades. Only recently have major developments taken place that indicate that such a goal
is within reach. Two developments indicate that the ability to polish extremely smooth, strongly aspheric
surfaces could be at hand. The techniques are the stressed-lap approach and ion polishing. Both appear to
offer the possibility that surfaces such those needed for future generations of UV-Visible-IR telescopes could
be obtained within a reasonable amount of time and for a reasonable budget.

While such deterministic polishing methods are important for the production of the required optical
elements, many other steps are also needed. In particular, additional challenges are lightweighting of
the elements, generation of surfaces, support of the surfaces, active compensation (in some cases), and
fabrication and testing of optics to be used in passively-cooled systems. However, the polishing process and
the attendent testing is a key element, and if the new approaches are proven they will greatly alleviate the
overall difficulty of the task. For example, ion polishing offers a way to deal with the very difficult problem
of “print-through” of the web-structure in lightweighted optics.

The nearly 20 years since the HST design was set in place sees us on the verge of major advances in
optics technology. A program that focuses on the demonstration of these techniques with realistic optics
will affect missions on all scales throughout this spectral region. Optics development and demonsirations
should be at the forefront of a technology program early in this decade.

Supporting Ground-based Capabilities.

Ground-based observations have played a major role in bringing the science programs of space missions
to fruition. The need to place such observations into the context of the development of nearly a century of
astronomical understanding usually requires observations in the visible region. In particular, the need for
spectroscopic observations and optical “identification” have driven great demand for ground-based facilities.
As space observatories become more sophisticated and cover progressively larger ranges of the spectrum this
latter demand will probably decrease. However, the need for spectroscopic follow-up will remain far into
the future. Even with very large telescopes in space the cost-effectiveness of large ground-based facilities
for time-consuming spectroscopic observations will require that such telescopes be built and supported. In
general the rule that “anything that can be done from the ground should be done from the ground” is a
wise and cost-effective one.

The results from an increased Explorer program, HST, and the other Great Observatories will place
substantial pressure on ground-based facilities. This will be particularly the case for spectroscopic obser-
vations of faint sources. All-sky access to large ground-based telescopes for spectroscopic observations will
be crucial if the desired scientific returns are to be made. Telescopes of the 4+ m-class will be under the
most pressure. Additional support for the construction and instrumentation of such telescopes should be
seriously considered as part of the overall space science program. In addition, support of the related use of
such facilities should be available through funding of the analysis of space science data. The goal is clearly
to maximise the scientific return and all the necessary steps need to be supported in a unified way.

Instrumental development and demonstration is another area where ground-based programs are valuable
and cost-effective. Much can be learnt and many problems solved before the start of the very difficult,
time-consuming and expensive process of fabricating instruments for space missions.

From a scientific viewpoint the need, effectiveness and value of a balanced and synergistic program of
ground and space missions is obvious. Every effort should be made to ensure that such an approach is taken.
The costs are minimal compared to the space missions and the scientific returns are large.

V. PREREQUISITES - THE CURRENT SCIENCE PROGRAM.

The ongoing program with IUE, ASTRO, EUVE, Lyman-FUSE, STIS, NICMOS, and HST operational
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itmprovements is a sirong one. It must be well-supported to ensure that the scientific returns are made. The
key elements are Lyman-FUSE, HST Optimization, and the near-lterm missions and their support.

Lyman-FUSE.

The Lyman Far Ultraviolet Spectroscopic Explorer mission will use high resolution spectroscopy below
the 1200 A HST limit to measure for the first time faint sources both throughout the Galaxy and at
very large extragalactic distances. This important spectral window is virtually unexplored except for the
Copernicus mission, which was limited to bright nearby stars.

The primary goal of the Lyman-FUSE mission is to obtain high resolution spectra (A/AX ~ 30000)
with unprecedented sensitivity (10° times that achieved by Copernicus almost 20 years ago) in the critical
spectral window from 1200 A down to 912 A, the wavelength of the photoionization continuum of atomic
hydrogen. Recent advances in optical and detector technology, which make the primary goal possible within
a modest experimental package, also enable the spectral coverage to be extended down to 100 A with a
sensitivity much greater than that of EUVE. This can be done with only a minimal increase in complexity.
The combined wavelength range thus bridges the gap between that covered by HST and AXAF at moderate
cost,

The spectral window opened by this mission will provide a unique access to many critically important
species for astrophysics. Interstellar and intergalactic deuterium, a crucial fossil nucleus formed in the early
hot universe, can best be studied in the primary bandpass of this mission. In addition, Lyman-FUSE will
obtain the direct measurements of molecular hydrogen, the primary constituent of cold interstellar clouds -
the birthplace of stars and planets. For objects as diverse as planetary ionospheres, the interstellar medium,
and QSOs, the unique diagnostics in the Lyman-FUSE spectral range will allow measurements of gas and
plasma at temperatures over a wide range, from a few tens of degrees to greater than ten million degrees.

This mission will achieve major advances in a wide range of important scientific problems, because
transitions in this spectral region include most of the important interstellar and intergalactic absorption
lines. Furthermore, this region includes emissions from gas and plasma over an extremely wide range of
temperatures. The most pressing scientific issues are concerned with the physical processes in three broad
areas of astrophysics. They are (i) the physical processes in the early Universe, in essence the measurement
of deuterium in a variety of environments, (ii) the physical processes that control the origin and evolution
of galaxies, namely the examination of ISM and stellar processes that influence it, and (iii) the physical
processes that control the origin and evolution of stars and solar systems, in particular study of the cold
clouds in the interstellar medium, and of the dynamics of the formation process itself.

The utilization of a dedicated spacecraft for Lyman-FUSE instead of the Explorer Platform should
be evaluated. EUVE will be launched on top of an Explorer Platform spacecraft by a Delta vehicle. The
follow-on mission, XTE, will replace EUVE on the Explorer Platform using a Shuttle to exchange the two.
The present plan for Lyman-FUSE calls for it to follow XTE as the final mission on the Explorer Platform.
Because the Explorer Platform will be complete and the XTE will be in intensive development, this is a
good time for reevaluation of the true costs and programmatic risks associated with this novel approach,
including the use of the Shuttle. New technological approaches presently under development may make
dedicated spacecraft, tailored to a particular experiment, more attractive. It is possible that the integration
costs and costs associated with using the Shuttle may balance the cost of a spacecraft both for Lyman-FUSE
and for future missions. In addition to reduced programmatic and budgetary risks, there is a potential for
significant improvement in the scientific return by optimization of the spacecraft and orbit as well as by a
longer-lived mission.

HST Optimization: Operations, WF/PC II, STIS and NICMOS.

Recovery of HST’s Imaging Capability.

The highest priority must be given to recapturing HST’s imaging performance. While the effect of
the degraded images on the performance of the cameras is obvious, virtually all of HST’s instrumental
capabilities are affected by the poor images; for example, the spectroscopic throughput and the ability to
distinguish between sources in crowded fields are compromised, as is the spectral resolution by the use
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of large apertures. The replacement camera, the WF/PC II, should be completed and deployed as soon
as possible. The modified Second Generation instruments should also be funded at a high level to allow
completion and deployment as soon as is practical. The spectroscopic performance of STIS is sorely needed.

HST Operations.

The complexity of operation in LEO has resulted in HST being launched with an operational system
that does not yet reach the theoretical limits for on-target efficiency. Given the high cost of HST and
its limited life every effort should be made to optimize the operational systems of HST. This includes,
for example, bringing into operation as soon as is possible the means to observe moving targets and the
means to operate and obtain data from two instruments simultaneously (“parallel” mode). These will result
in substantial improvements in the science return from HST by allowing observations of planets, their
companions and other bodies in the solar system, as well as parallel surveys with the camera systems.
This latter capability is likely to result in major discoveries with HST, particularly with the new cameras.
Continuing support for development and refurbishment of the ground system will similarly prove valuable
as experience grows with the operational systems.

The combination of the implemention of the planetary and parallel modes, higher operational efficiency,
the image-correcting camera WF/PC II, and the Second Generation instruments, NICMOS and STIS, will
lead to very substantial gains in scientific productivity — exceeding orders-of-magnitude in some areas.

STIS.

The Space Telescope Imaging Spectrograph (STIS) is a high resolution, high sensitivity spectrograph
that will incorporate several advances over first generation Space Telescope instruments. Its availability
on HST will result in substantial gains in productivity. Use of large format two-dimensional detectors
will allow large multiplex advantages over the current spectrographs on HST. Both photon-counting and
CCD technologies will be used in the spectrometer, so the instrument will be sensitive in the ultraviolet,
visible, and near-infrared wavelength regions, covering 1050-11000 A in 4 bands. Spectral resolving powers
between 80 and 140,000 will be available. Camera modes will also be available in all 4 bands. High angular
resolution will be obtained by sampling the HST diffraction-limited image with 25 milliarcsec pixels, and by
compensating for off-axis aberrations.

Spectrographs of the capability of STIS will play a major role in a very wide range of scientific
programs. It is expected to have particular significance for studies of the stellar and gaseous kinematics
of galactic nuclei, both active and “normal”. Such data will play an important role in understanding the
physical properties of such nuclei and in establishing the density distributions at scales unobtainable from
the ground. Answering the long-standing question of the existence of black holes in such nuclei is at the
forefront of the goals for this instrument.

The structure of the ISM and the nature of young stellar objects and their associated jets and disks
are also problems which are well-matched by the long-slit and UV-Visible capabilities of this instrument.
The interactions of jets and winds in forming stars, the characteristics of protoplanetary disks, the nature
of flares in stars and mass loss from hot stars are all areas of stellar astrophysics that HST plus STIS will
tackle.

NICMOS.

The Near Infrared Camera and Multi-Objective Spectrometer (NICMOS) will add a near infrared
imaging and spectroscopic capability to HST. This Second Generation Instrument will extend the wavelength
range accessible by HST into the near-infrared where the background is reduced by three orders of magnitude
from that on the ground. NICMOS contains three cameras in the 1-2.5 um spectral range and three
spectrometers covering the 1-3.0 um spectrum. The spectrographs have resolving powers that range from
102 to 10%. Its cameras will exploit the diffraction-limited imaging performance of HST with pixel sizes of
43 and 64 milliarcsec, while also having the option for a larger field-of 51 arcsec in its PSF matching mode
(0.2 arcsec pixels). A wide range of filters and polarizers will be available. NICMOS has a 5.5 year lifetime
that is set by its cryogenic capacity.

The scientific goals of the system range widely. It is a versatile powerful instrument that opens up a
new waveband at a cost much lower than a dedicated spacecraft. Its key scientific objectives encompass
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deep surveys, distances to and beyond local supercluster galaxies, the study of dust enshrouded regions
of galaxies, star forming regions, and studies of valuable spectroscopic diagnostics in our solar system.
The huge reduction in background over ground-based telescopes makes it a powerful tool for studies of
highly redshifted galaxies. Use of NICMOS in the parallel mode for surveys can be expected to lead to
the unexpected. It can extend distance measures using the brightest red supergiants to as far as the Coma
cluster, while also playing a valuable role for other distance indicators where interstellar absorption is a
problem. It has great value for studying star forming regions, nuclei of active and starburst galaxies, and
other regions where dust absorption severely limits the data that can be obtained in the visible.

The performance gains for HST are of such magnitude that NICMOS and STIS should be accelerated
and implemented as soon after the WF/PC II as is feasible.

The Near-Term Science Program.

A wide range of very exciting and powerful new missions are in development or have been proposed in
this report. However, these programs must build upon the base of previous scientific programs and ongoing
missions. A healthy science program requires continuing access to space missions and support of the ongoing
scientific activities. Thus the missions such as IUE, ASTRO, EUVE and a variety of small programs such
as the rocket program provide crucial near-term scientific returns, as well as addressing scientific goals that
are impractical or technically impossible with the larger and rarer missions.

EUVE.

The EUV region of the spectrum remains largely unexplored. The Extreme Ultraviolet Explorer
(EUVE) is dedicated to an investigation of the EUV band from 80-900 A. The complement of instruments
include three sky mapping telescopes, one deep survey telescope and three spectrometers. The three sky
mapping telescopes will make complete maps of the sky in four distinct spectral bands during the first 6
months of the mission. EUV sources will be catalogued and their positions determined to accuracies of a
few arc minutes. The deep survey telescopes will map a strip along the ecliptic where the sky background
is very low, thus allowing higher sensitivities to be achieved. The deep survey will be carried out in two
spectral bandpasses spanning 80-400 A. EUVE will obtain the first full sky maps covering the whole EUV
band.

EUVE also includes three novel spectrometers which will allow spectroscopic observations of the
brightest EUV sources from 80-700 A. The resolution of the spectrometers will typically be A/AX ~ 300.
The EUVE spectrometers will be operated through a NASA Guest Observer program. These spectrometers
will allow the detailed line spectrum of coronal emission sources to be obtained. Similar coronal studies to
those carried out on the sun can be extended to nearby stars. Observations of continuum sources, such as
hot white dwarfs, will allow investigation of the photospheres of these objects as well as of the intervening
interstellar medium. The EUVE spectrometers will allow measurements of the Hel and Hell edges at 504 A
and 228 A.

The EUVE mission will be a valuable precursor to Lyman-FUSE, and a valuable database for UV
programs on HST and subsequent missions.

IUE.

The International Ultraviolet Explorer Satellite ranks among the most productive Explorer missions, and
has introduced a broad community of astronomers to ultraviolet spectroscopy during its 13-year lifetime. IUE
has a 45-cm diameter /15 Cassegrain telescope, with two echelle spectrographs with spectral resolutions of
A/AM ~ 10,000 and A/AX ~ 200-500, and SEC Vidicon Cameras with CsI and CsTe photocathodes covering
the spectral region between 1150 and 3200 A. Fundamental discoveries have been made in nearly every area
of observational research, including planetary astronomy, stellar evolution, atmospheres and chromospheres,
the physics of the interstellar medium, stellar populations and galaxy evolution, active galactic nuclei and
the intergalactic medium.

Barring significant degradation of current capabilities, IUE will continue to provide a valuable com-
plement to the scientific return from HST for a relatively modest annual operating cost. The unique
advantages of IUE relate particularly to variable phenomena: broad simultaneous wavelength coverage in
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its high resolution mode as opposed to the very limited range of a single HST high resolution spectrograph
observation; much longer periods of uninterrupted on-target time because of its HEO location; access to
targets of opportunity within an hour of notification (critical for the early phases of supernova development);
scheduling flexibility that allows for simultaneous observations with other spacecraft; and opportunity for
long-term synoptic monitoring not readily available to HST proposers. As ground-based observatories main-
tain telescopes of several different apertures to support a range of qualitatively different scientific objectives,
so it is appropriate to continue an active observational program with IUE during the HST era.

ASTRO.

Four instruments make up the Astro Observatory which is flown as a Shuttle-borne sortie mission. It
is the first observatory that can simultaneously take ultraviolet pictures of objects, study their ultraviolet
and X-ray spectra, and determine their brightness and structure through UV photometry and polarimetry.
Using the X-ray and UV spectrographs together provides spectral coverage from 1-3200 A simultaneously
with millisecond timing, a capability that is unique to the Astro Observatory. It should thus demonstrate
the scientific value of such a multi-wavelength mission.

The Hopkins Ultraviolet Telescope examines the ultraviolet spectrum from 400-1800 A. This is the only
spectroscopic coverage we will have of the astrophysically important 912-1200 A region until Lyman-FUSE
is launched in the mid-1990s. It is below the HST cutoff. The Ultraviolet Imaging Telescope takes detailed
ultraviolet (1200-3200 A) images with a circular 40 arcmin field of view and a resolution of 2”. Very
little imaging information is available in this spectral region. The Wisconsin Ultraviolet Photo-Polarimeter
Experiment will use the polarization of ultraviolet light to measure the strength of magnetic fields, the
geometry of stars, and the nature of the material between stars. The Broad Band X-Ray Telescope will
make the first high-quality, high-energy (0.3 - 12 keV) spectra of many X-ray sources and will be able to
measure the important 6.7 keV iron lines.

The Astro mission is expected to make about 250 pointings, yielding more than a thousand measurements
on astronomical sources. Astro was conceived during an era when space science was focused on Shuttle
missions, and it was expected to have a multi-mission lifetime. The move away from man-rated limited-life
missions is a welcome and long-overdue one. While Astro missions are costly, comparable capability is
unlikely for many years, possibly beyond this decade, and so a second mission should be supported if
justified by the scientific returns from the first mission.

Small and Sub-orbital missions.

In a well-balanced space astronomy program, there is a clear need to support the use of small,
innovative and sometimes very specialized instruments. Inexpensive experiments operating on high-flying
aircraft, balloons and sounding rockets are important for developing and testing new technologies and
performing unique observations that may be unsuitable for the larger, more generalized facilities, such as
the Delta-class Explorers and Observatories that serve a broad community of observers. A key operating
advantage for suborbital research is that experiments and their support systems may be simple, easily
modified, and can assume risks that are unacceptable for the more major missions. Moreover, the time
scale from concept to flight is usually only a few years, which is ideal for training graduate students and
post-doctoral fellows who will become the newest generation of investigators with a proficiency in designing,
building and flying space hardware.

Sometimes, experiments developed for suborbital missions open a new field of observing and, when there
is a potential for further development, they serve as an economical proof-of-concept for later, more mature
facilities. Likewise, for an instrument which has operated successfully on a number of sounding rocket
missions (usually lasting only about 5 minutes apiece), it may be appropriate to have it adapted for flight on
an orbital mission of moderate duration, so that it can achieve a worthwhile incremental gain over its past
accomplishments. While such a payload could function either as an attached payload on a Shuttle flight (as
are some planned small UV payloads), or preferably, on a free flying, very simple spacecraft deployed and
retrieved by the Shuttle in orbit, alternative approaches are desirable. Small experiment programs should
not be constrained and burdened by the strict scheduling and costly safety requirements of the Shuttle.
Inexpensive rockets which can achieve orbit, such as the Pegasus rocket, should be developed as suitable
delivery systems.
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From a general perspective, suborbital programs are ideal for establishing and supporting new space
astronomy groups. These new research groups can play a valuable role in adding vitality and ingenuity to
the national effort, as well as creating an environment for entrepreneurial activity that may not otherwise
be possible. NASA should continue a vigorous flight and research program which uses small payloads and
not assume that they must be supplanted by the larger, generalized Explorers and Observatories.

Data analysis, modeling and theory funding; Archives.

The added support for data analysis, modeling and theory through the enhanced data analysis program
(the NASA MO&DA program) is an important change from the past. We applaud the designation of
budgets for such activities that is commensurate with the very large investments that are made in the flight
and ground systems. It is crucial that such support be continued, and that it be protected from overruns
in ongoing development programs. The goal of the science program is to increase scientific understanding,
to encourage the interest of the population at large in science and technology with the goal of enhancing
our technical education level, and of sharing with the public the excitement that arises from our developing
understanding of the universe. Without a timely scientific return from the science missions we run the risk
of compromising the timely funding of future missions.

These goals cannot be met without strong, continuing support for the analysis of the data and its
understanding through a strong theory program. These programs should be broadly-based to allow the
access and input of data and results from the broad spectrum of astronomical inputs that are needed
for solving a particular scientific problem. This may require supporting the use of data from several
missions, from ground-based telescopes, from archives, and from sophisticated modeling. The goal is, of
course, scientific understanding, and not just data analysis. Thus the funding approaches should not be too
narrowly defined.

Archives are likely to play an even more important role in the future, particularly as the volume and
complexity of the data from space missions increases. These archives need to be readily accessible and need
to be supported by scientists with a broad understanding of the nature and limitations of the particular
data. This may often be by the scientists closely associated with the initial mission. Fortunately, techological
developments will allow for decentralised archives and easy access through wide-bandwidth communications.
There will clearly be a need for standardisation in the interfaces and for a generic and cost-effective archive
technology so that substantial volumes of data can be disseminated quickly and cheaply.

VI. TECHNOLOGIES FOR THE NEXT CENTURY.

New technologies are essential for the next generalion of large telescopes, interferometers, and future smaller
missions.

Substantial future progress in space telescopes and instrumentation will require technological advances.
A wide variety of demanding technologies are needed for state-of-the-art telescopes and instruments in the
UV-Visible-IR wavelength region. Advances in these areas can benefit essentially all missions, small and
large. Any program should incorporate a development phase and a clear demonstration that the goals of the
program have been met. Several areas where substantial gains in capability are needed and which appear
to be feasible are given below.

High-performance optics.  Diffraction-limited optics are an integral part of space astronomy. A tough
but not impractical goal is improving optical surfaces beyond the current state-of-the-art as represented by
HST and the ESO 3.5 m NTT mirror. The optics need to have low-scattering surfaces for high dynamic range
observations (e.g., for QSO “fuzz” observations and for planet detection). A challenging component of this is
the fabrication of off-axis segments. Technologies such as stressed-lap polishing and ion-beam polishing have
the potential for affordably manufacturing large as well as small optical surfaces with aspheric deviations
far beyond what is currently practical. A program whose explicit objective is to demonstrate the polishing
of a low-scattering, strongly-aspheric off-axis element should be instituted early in the decade.

Lightweight optics. Lightweighting will remain crucial for space systems, especially as interest increases
in HEO and Lagrangian point locations. The same is true of systems destined for the moon. Lightweighting
techniques are intimately tied to the polishing technologies that are available. Since lightweighting can result
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in “print-through” to the surface, its application has been limited by the difficulty of removing such effects.
The ability of ion polishing to potentially remove “print-through” allows for more aggressive lightweighting.

Active optics.  Active sensing and control of optical surfaces will be valuable in reducing the structural
requirements and to compensate for thermal and dimensional changes, particularly in passively-cooled
systems. Active elements can also play a valuable role in fine pointing and tracking, thereby lessening
the demands placed upon the pointing and tracking control system, with attendant savings in complexity,
weight and cost.

Lightweight and active siructures. Lightweight structures are essential for space missions. Considerable
advances in performance can be obtained through use of new techniques for passive structures and through
active structures. Such structures will play an important role for control of the location of critical elements
in interferometers and in large optics systems (e.g., the secondary).

Tracking and pointing.  The tracking and pointing system for HST was a very demanding aspect of
the spacecraft. New approaches involving large area detectors and sophisticated on-board processing have
the potential for substantial savings in weight and cost. Both technologies were not mature at the time
HST’s design was frozen. The use of active optical elements for fine pointing would also have significant
cost and technology advantages.

Passive and aclive cooling. Passive cooling of the whole telescope to improve IR performance can
return remarkable gains in sensitivity (> 10° beyond 3 pm). Active coolers will be needed to eliminate
the need for expendable cryogens for IR detectors and instruments. These pose challenging vibration and
lifetime problems and need further development. Passive cooling also sets a challenging problem for the
manufacture and testing of large optics. This needs to be an integral part of the optics development program.

Detectors.  Detectors for the UV, the Visible and the IR are a crucial part of any system. We are
making great strides in all three areas, but need to keep up the momentum. While consumer and defense
requirements have been major drivers for technological developments from which we have benefited, the
characteristics required for astronomical missions are usually different. Resources are needed for further
development of the detectors to ensure that the required performance characteristics are met.

Instrument optics and coatings.  Increasing overall system efficiency will require substantial efforts to
maximize the performance of instrument optics and coatings. New optical techniques are needed to allow
the development of cameras with larger fields, better images and higher throughput — particularly with
wide-band coatings. The wide-bandwidth of space instruments places particular demands upon coatings
and filters. Further development is needed.

Computers and electronics. The remarkable gains in computional capability over the last decade
can provide sophisticated on-board processing leading to significant performance gains in the operation of
the telescope and instruments. Simplification of optical-structural systems can also result with attendent
cost savings. Concerns about the reliability of such systems could be alleviated by self-checking, redundant
systems.

VII. LUNAR-BASED TELESCOPES AND INSTRUMENTS.

The Lunar Qutpost program offers opportunities for a long-term astronomical program of remarkable
scope and power. Of some concern to the astronomical community is the timescale for the implementation
of such a program, and the potential for large gaps in time between orbital and subsequent generations
of lunar-based facilities. It is imperative that a rational and realistic program be developed that allows
for overlap between ongoing and new instruments. Such continuing capability allows for a well-planned
transition and allows for contingency in case of delays. The lunar outpost program is ambitious, as it should
be, but its impact on space science and the potential for damaging a vibrant scientific program which has
considerable value for the scientific base of the nation should not be underestimated.

Currently the Lunar Outpost program in the UV-IR range incorporates three missions that allow
phased implementation of capability. The initial project is a compact, simple instrument, the Lunar
Transit telescope, which is followed by the phased implementation of an interferometer and a telescope, and
culminates in a 16 m telescope of astonishing power, and a Visible-IR, interferometer of some 5-10 km in size
that is of comparable power.

The Lunar Transit telescope. This telescope is a wide-field non-pointed imaging telescope with a
series of CCD detectors optimized for operation from 0.1 to 2 um. The focal-plane arrays record and
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transfer data at the apparent sideral rate and carry out a survey across a strip of the sky. The result is a
wide-bandwidth, deep multicolor imaging survey. Repeated scans allow for the detection of variable objects.
Limiting magnitudes are V ~ 28 magnitude for a 2 m telescope with an image size of 0.1 arcsec at 0.5 pym.
Its compact design and lack of moving parts makes it particulary attractive for the Emplacement phase
of the development of the Lunar Qutpost. Examples of the scientific returns range from the systematic
detection and study of gravitationally-lensed objects, to deriving the structural and photometric properties
of large numbers of galaxies (3> 10%), to the variability of QSOs and AGNs, and the detection of numerous
supernovae.

The 16 m Lunar NGST. The NGST is a passively-cooled, diffraction-limited telescope. Its imaging
and spectroscopic capabilities for a variety of scientific programs across the UV to the IR would be quite
remarkable. Its scientific goals would range from the detection and spectroscopic measurement of Earth-like
planets to the study of galaxies at redshifts z > 1 where substantial evolution and possibly even the
formation of galaxies could be observed directly. Its combination of sensitivity, wavelength coverage and
resolution would result in quantum jumps in knowledge in areas as diverse as the evolution of the ISM to
the formation of stellar systems to the evolution of galaxy clusters.

The telescope structure and optics would be passively-cooled to 100°K or less in the lunar night,
lowering the background in the 3-4 um zodiacal “window” to less than 10~° of that from the ground. Its low
background, resolution and low-scattering optics at 10 um would allow it to both image and take spectra of
planets at the separation expected for Earth-like planets around the nearest stars.

The telescope would have a lightweight, segmented primary with active wavefront sensing and control
for use into the UV. The segmentation would allow for a modular approach to consruction of the telescope by
robotic means or by astronauts. Designs in which instruments can be placed on or beneath the Lunar surface
are also being considered. This has advantages for stability, maintainability, reduced particle flux, and for
instrument upgrades. With such a major facility the ability to upgrade and change the instrumentation
during its presumably very long life is an important factor. The stability of the lunar surface and the ability
to isolate sources of noise would improve its pointing and tracking performance.

It would be sited near the large interferometer. By combining the 16 m with an interferometer high
sensitivity can be achieved from the large area of 16 m, thereby increasing the number and type of sources
that can be studied at interferometric resolutions. By providing imaging on scales of 5 milliarcsecond to
arcminutes, it also provides a natural overlap between space interferometry and ground-based observations.

The Lunar Optical-IR Interferometer. This km-scale interferometer exploits the stability of the lunar
surface and the lack of an atmosphere to develop an interferometer of striking scale and hence resolving
power. Techniques can be developed and tested on the earth and in orbit that will allow the appropriate
choices of technology to be made as the Qutpost develops.

The science potential ranges from submilliarcsec imaging of accretion disks around massive black holes
in AGNs to images of extra-solar planets from Jupiter-sized to Earth-sized. The number of candidates
could be very large within within 20 parsec. For stellar astrophysics the goals range from images of surface
features of stars, both for normal stars as well as unusual objects such as X-ray binaries with neutron star
companions. Elucidating the structure, the kinematics and the mass distributions close to the center of
galaxies is another goal that is probably not achievable by other means.

Its astrometric performance is similarly striking with capability to sub-microarcsecond levels. This
could give direct parallaxes to nearby galaxies, gravitational deflection of starlight to second-order, and
determine the isotropy of the Hubble flow. Its astrometric capabilities would include the detection and
determination of the masses of extra-solar planets.

The basic concept of the program is that of an optical VLA with a substantial number (> 10) of 1-2
meter-sized individual elements, with baselines to several km. This would allow a resolution for imaging of
10 pas and for astrometry of 0.1 pas. An initial 3 element system during the Emplacement phase would
grow to many times that in the Utilization phase. Compared to Earth-based systems the gain is about a
factor of 100 over instruments such as the VLT. It would be passively-cooled during the lunar night for good
IR performance.

These telescopes have great scientific merit, and represent ambitious, but appropriate goals for the
Lunar Outpost. Technology development towards these goals is needed and timely, provided emphasis is
given in the early phases to demonstration projects of technologies that have broad utility for space science
missions. The technologies highlighted in §VI meet these goals.
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KEY POINTS ON INTERFEROMETRY

o The extension of multi-telescope interferometry and aperture synthesis to infrared and optical
wavelengths will enable in this decade significant progress in stellar and galactic physics, and will
lead to great interferometric infrared/optical arrays of the future.

e The real-time correction of atmospheric turbulence with adaptive optics will allow the new generation
of large telescopes to reach several magnitudes fainter, and to resolve spiral arms of galaxies anywhere
in the universe.

e Laser interferometer gravitational wave detectors on earth and in space in this decade and the next
can probe the dynamics of relativistic systems in the galaxy and the early universe.

Introduction

In this decade, the first infrared/optical interferometer arrays, adaptive optical systems, and laser
interferometer gravitational wave detectors will be developed, implemented, and employed for fundamentally
new types of observations. These new instruments will undertake systematic imaging in the infrared and
visible of stellar surfaces and circumstellar material and of bright galactic nuclei, and will search for
gravitational radiation from neutron stars and other condensed objects.

In the first decade of the next century, we foresee construction of great interferometric observatories
on the earth and in space, performing astrometric measurements to microarcsecond precision and obtaining
imagery of the faintest sources with angular resolution substantially better than 1 milliarcsecond. We also
forecast the opportunity for an ultrasensitive, gravitational wave detector in space, designed for detailed
observations of individual systems, and for detection of subtle gravitational wave tracers of the early epochs
of cosmological history.

These instruments and observatories will be possible as a result of recent advances in optics, metrology
and precision control, as well as improved understanding of gravitational wave sources and of atmospheric
turbulence.

Overview of the Programs
Infrared and Optical Interferomelry

Astronomers are increasingly aware of the opportunities which IR/Optical interferometry will offer.
Following rapidly the path which radio astronomers traveled 20 years ago, optical interferometry is now
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Figure 1. (Left) Optical interference fringes observed with an aperture mask {4.5 meter baseline) on a conventional telescope
(Readhead et al 1988); (Middle) between subapertures on the Multiple Mirror Telescope (Hege et al, 1985); (Right) between
independently mounted telescopes (15 meter baseline) at the CERGA observatory in France (Koechlin, 1984).

being carried out, albeit in a limited way. Aperture synthesis, which combines beams from multiple
apertures to achieve the resolution of a much larger aperture, has been extended to the optical regime.
Already an astrometric interferometer operates regularly on Mt. Wilson, actively controlled with a precision
exceeding the optical tolerances of many large telescopes, while nearby an infrared interferometer monitors
the formation of dust in the shells of stars. Interferometry is the most accurate technique for measurement
of stellar diameters, with results from France, Australia, and most recently in the United States surpassing
the accuracy of lunar occultation techniques.

Infrared/Optical interferometry will have a profound impact on astronomy. Current seeing and aperture
limits to resolution will be surpassed by orders of magnitude. Telescope arrays planned for this decade may
revolutionize stellar astronomy, yielding unprecedented detail about stellar surfaces, atmospheres, shells,
companions, and winds. These future instruments will allow imagery with msec resolution of oblateness of
rotationally distorted stars, of chromospheric structures, of jets from young stellar objects, and of narrow
line emission regions in Seyfert galaxies. Arrays of the next decade, on the ground and in space, will
advance IR/optical interferometry to a sophistication comparable to that achieved by the radio astronomy
community in the Very Large Array.

Interferometry also promises remarkable opportunities for astrometry. Already ground-based interfer-
ometry is approaching a precision of 1 msec. Space missions of the 1990’s and beyond should improve this
performance initially by at least two orders of magnitude. It will be possible to determine an accurate
parallax for any observable point source in the galaxy, and to measure proper motions of stars throughout
the galaxy and the local galaxy group.

Numerous research groups, including several in the U.S., have initiated construction of arrays of two
or three telescopes for imaging interferometry and astrometry in the visible and infrared. We recommend
significant support, to assist rapid continued progress in this area. Specifically, we recommend support for
a range of facilities operating in the visible and infrared with small and medium-aperture telescopes. Such
breadth of activity is critical to the development of the field. By the end of the decade it will be essential
to have in operation an array of five or more telescopes of medium aperture (1.5-2.5 meters). This array
is required to achieve important infrared science objectives, to fully develop interferometry in the extreme
multi-r, condition, and to serve as a critical stepping stone to a very large optical array. This array of
medium apertures will extend the reach of interferometric imaging to many YSO’s and galactic nuclei,
returning the science and technical experience needed for developments of the next decade.

As with radio interferometry, IR/optical interferometry will reach its full potential with large, well
populated arrays of moderate to large aperture telescopes. We therefore recommend, for the latter part of
the decade, the development of a plan for a Very Large Optical Array, to be built in the period 2000-2005.
Composed of perhaps 20 medium-aperture telescopes, each equipped with adaptive optics, this array will
achieve aperture synthesis imaging with sub-msec resolution of active galactic nuclei, novae, stellar accretion

disks and QSO’s.
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Figure 2a (left). Optical aperture synthesis image of the binary o Her. (Left) A long time exposure, seeing disk diameter
about 2”. (Middle) The image reconstructed with closure phase relationships, printed at the same scale. The separation is
70 Msec, the dynamic range 30:1. (Nakajima et al, 1989)

Figure 2b (right) The orbit of the binary star § Ari, determined from interferometric measurements recorded with the Mark
IIT interferometer. Maximum separation about 65 msec. (Pan et al, 1990)

In the moderate cost category we recommend an astrometric interferometric space mission. This mission
should offer a capability to achieve precision astrometry of the brightest stars in nearby galaxies. A number
of concepts have been proposed, some based on interferometers that can also be used for imaging while
others are dedicated astrometric devices. All support the expectation that interferometric techniques will
yield astrometric precision on the order of 3-30 usec over the entire sky.

The ultimate interferometric performance will be achievable above the atmosphere, beyond the limits
imposed by atmospheric absorption, scattering, and turbulence. A modest array, operating in the ultraviolet,
could image objects as faint as 20th magnitude with resolution of a few msec, particularly useful for study
of galactic nuclei. We recommend planning and preparation for both an intermediate sized imaging
interferometer and an advanced array. The astrometric mission of the 1990’s should demonstrate many of
the metrology and control techniques required for future advanced arrays in orbit and on the lunar surface.
Other aspects will be developed in the work on ground-based arrays. There remain issues that require
further study, and we recommend an effort in development of this technology for the next decade.

The United States is considering a major commitment to the establishment of a permanent human
presence on the moon. NASA, recognizing the outstanding merits of the lunar surface for interferometry,
has recommended optical and sub-millimeter arrays for early implementation on the lunar surface. In the
context of a broad lunar program, we endorse this plan. The moon offers a uniquely large and stable
platform. A Lunar Optical Array should have a large number of apertures and long baselines. In the earliest
phase, a small number of operational telescopes could be activated, perhaps optimized for a high priority
capability such as high dynamic range imaging or sub-usec astrometry, with such science goals as detection
and study of planets in other systems, or measurement of the accretion disks in active galactic nuclei. In
subsequent years, additional telescopes could be added to reach the final configuration, offering imaging of
the faintest sources.

Adapiive Compensation for the Atmosphere

The terrestrial atmosphere has been and remains a primary limitation to observational astronomy. The
possibility of removing the effects of atmospheric turbulence has long been considered, but only now are
the necessary sensitive detectors and fast, reliable electronics becoming available at moderate cost. With
the emergence of adaptive optics for solar and stellar imaging, adaptive techniques appear certain to play a
major role in ground-based astronomy of the 1990’s.
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Adaptive optics (AQ) will become a standard component of large telescope systems (> 4 meters) during
the next decade. It will perform most effectively and generally in the infrared, where near-diffraction limited
operation will be possible over a substantial angular field with relatively modest AQ systems. Moving
toward the visible, the corrected field will decrease, probably to a few arcseconds, and the cost of the optical
system will increase. Although not applicable to all observational problems, AO will offer significantly
improved resolution and increased sensitivity for many applications. It will provide a dramatic gain in
angular resolution, and will increase the efficiency of high resolution spectrographs. These gains will be
invaluable in many areas, for example the study of young stars and of galactic nuclei.

Adaptive optics is ripe for implementation in astronomical instruments. We recommend a program to
apply to astronomy (often by simplification) adaptive optics technology which has already been developed
under DOD support. The development of technology for laser reference techniques should continue. The
DOD has developed a momentum in the field which astronomers will wish to preserve and steer to their
benefit. We recommend the immediate implementation of adaptive correction technology to selected existing
large telescopes. This will yield improved image quality at all wavelengths over the whole sky, but most
dramatically and with assured significant scientific return in the near infrared.

Although the last decade has seen rapid progress in adaptive optics technology, many technical and
cost tradeoffs critical to astronomy remain unstudied. During the early years of the decade, experience with
first generation adaptive systems will lead to an adequate characterization of the atmospheric parameters
critical for adaptive optics - seeing, time constant, and isoplanatic angle. This will provide the basis, later
in the decade, for optimized systems functioning effectively in the visible range for many applications.

Gravitational Wave Observatories

The theoretical basis of gravitational radiation is well established, and the mathematical formalism and
our astrophysical knowledge are now adequate to estimate the emission from many known and hypothesized
astrophysical sources. Strong gravitational radiation is expected from individual binary systems composed
of condensed components such as white dwarfs, neutron stars and black holes. Rotating neutron stars with
an equatorial ellipticity may be detectable. A wide range of astrophysical information, accessible in no other
way, may be revealed from gravitational wave observations, such as the evolution of asymmetries in the core
of a supernova, and the rate at which condensed stars fall into supermassive black holes out to z=3.

The technology is now at hand to achieve the direct detection of gravitational waves, to measure the
waveforms and determine the direction, frequency, and polarization, and to deduce the size and shape
of the sources. A LIGO (Laser-Interferometer Gravitational-Wave Observatory) planned for this decade
will provide a facility for the implementation of many generations of increasingly semsitive high frequency
detectors. It seems likely that the LIGO will be a rich source of information about neutron stars and neutron
star physics. LIGO should detect supernovae or collapse of a stellar mass to a black hole at 10 Mpc, if
0.01% of the energy of collapse is emitted as gravitational waves. It also should detect coalescence of two
neutron stars out to 1000 Mpc and the merger of intermediate mass black holes out to the Hubble distance,
as well as aid in determining the distance scale.

Massive objects and binaries will emit low frequency radiation which is difficult to detect from the earth,
owing to terrestrial disturbances. A LAGOS (Laser Gravitational-Wave Observatory in Space) would detect
individual binaries down to the confusion limited background noise of galactic and extragalactic binaries,
and the merger of condensed stars with supermassive black holes at cosmological distances. LAGOS also
might bring unique cosmological information with detection of relic gravitons from the early universe.

We expect the LIGO program to go ahead, with a substantial probability of direct detection of
gravitational waves before or soon after the year 2000. Supernovae or coalescence of degenerate stars and/or
stellar mass black holes are the most likely sources of detectable radiation. An antenna on the lunar surface
would offer greatly improved discrimination of source direction. If ground-based searches for gravitational
waves are successful at the expected levels, we foresee intense interest in extending the measurements to
many other types of sources. The greatest return in astrophysical information about gravitational wave
sources could be expected from a space observatory. With sensitivity extending to low frequencies, it might
detect large numbers of compact binary systems, coalescence of condensed stars with massive black holes at
cosmological distances, and a possible remnant background from the Big Bang. We recommend a planning
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and technology development effort to prepare the way for a LAGOS initiative in the early years of the next
century.

Summary of Recommendations

The following table summarizes the recommended programs (with LIGO omitted because it has already
been approved by the National Science Board).

Recommended Programs for the 1990’s

Ground-Based Interferometry

Large Optical/Infrared Interferometry with Multiple Telescopes $50M
Medium Adaptive Optics Development and Implementation 7 $35M
Small Planning for Very Large Optical/Infrared Array $3M

Space Interferometry

Large Interferometric Astrometric Mission $200M
Medium Technology Development: Advanced Space Interferometer $20M
Small Technology Development: Gravitational Wave Observatory in Space | $20M

Infrared and Optical Interferometry

No astronomer needs to be convinced of the fantastic capability of a space-based optical and IR
interferometer operating with km-length baselines and with sufficient sensitivity to produce maps of faint
sources down to 0.1 msec resolution. Spatially compact phenomena of great astrophysical interest are far
from simple in structure. For example, collimated jets of plasma are now known to be principal conduits
of energy and mass outflow from protostars, mass-transferring binaries, and supermassive black holes.
Accretion disks appear to be the main conduits of inflow in all of these objects, but we know very little
of what these structures are really like. Supernova and nova explosions are highly anisotropic from their
earliest stages, and the surface layers of “normal” stars seethe with starspots and flares. The development
of radio VLBI has shown that the modeling of sources based on fringe amplitudes alone is far less valuable
than the imaging which became possible when closure phase techniques were introduced. Our program in
interferometry should aim to develop true imaging capability from the start.

Figure 3a shows the types of phenomena that can be resolved at different levels of angular resolution.
The most dramatic increase in the range of accessible phenomena occurs at resolutions exceeding 1 msec,
corresponding to the resolution now available with radio VLBI. With such resolution, one could not only
resolve the disks of nearby main sequence stars, but could make detailed images of giant stars and of
stellar winds. In the IR the structure of disks and incipient bipolar outflow in star-forming regions and
the early evolution of novae and planetary nebulae could be studied. Milliarcsecond resolution will give
crude structural information about the broad emission-line regions of active galactic nuclei, and detailed
information about the narrow-line regions which are thought to represent the transitional zone between the
active nucleus and the ISM of the host galaxy.

Resolution of 10-100 usec would yield a new set of breakthroughs. Not only could the broad-emission
line regions of AGNs and quasars be mapped, but it would become possible to investigate the inner regions
of the accretion disks themselves (in the visible and UV). Accretion disks in close binaries could be imaged,
along with the mass-transferring streams which feed them. Supernovae out to the Virgo cluster could be
studied as early as three months after the explosion, and surface phenomena on main sequence stars and
nearby white dwarfs could be mapped.
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Figure 3a (left) Classes of objects and their angular sizes (diagonal lines are for constant angular size) for various ranges of
size and distance.

Figure 3b (right) The required sensitivity (bolometric magnitude) for various types of objects, related to the size and
characteristic temperature of an instrumental resolution element. Note that the regions begin at the lower left with the
typical size of the largest members of each class.

Our justification for pursuing interferometry as a high priority must be based on these qualitative
barriers which can be breached in no way other than imaging. Some goals, such as the imaging of faint
AGN’s at the highest resolution, will require sophisticated facilities of the future. Fortunately, simpler
facilities recommended for this decade will make critical contributions toward many science goals, especially
the astrophysics of young and evolved stars, bright galactic nuclei, novae, and the narrow emission-line
regions of active galactic nuclei.

To be useful as an imager, a high resolution instrument must also have adequate sensitivity and dynamic
range. Since phenomena associated with compact objects are often highly variable on timescales as short
as minutes to hours, the time required to construct an image may also be a consideration. The bolometric
brightness per resolution element may be expressed as a magnitude per pixel,

m 43 — 10log Tepy — 5log s
where T.yy is the effective temperature of the object being resolved and # is the angular resolution in
arcsec. The required sensitivity for various types of objects is plotted in Figure 3b. At the msec level, the
required sensitivities are extremely modest: < 7th magnitude per pixel for stars and AGN, 17th magnitude
for protostellar nebulae. At resolutions of 105 arcsec, a sensitivity of 28th magnitude is adequate to image
objects as cool as 300 K. Even interferometric imaging of extra-solar planetary systems may be possible,
although a multi-pixel image of the planet would be extremely difficult.

Requirements on dynamic range are less certain. The most stringent constraints may come from objects
such as close binaries, where there is often a mismatch between the surface brightness of the mass-transferring
star and that of the accretion disk. A dynamic range as large as 102 — 10* may be required in these cases,
but a smaller dynamic range may suffice to map more homogeneous structures.

Although imaging will probably prove to be the most compelling long term motivation for developing
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interferometry, the most profound product of the early years of interferometry may well be ultra-precise
astrometry made possible in space by freedom from terrestrial disturbances. Thus, we turn our attention
to a space-based astrometric optical interferometer. Possible measurements should include proper motions,
parallaxes, detection of dark companions, and relative motions in crowded fields (eg globular clusters). We
expect that the instrument would have a measurement uncertainty of less than 30 usec. It would measure
the separation of stars that are well separated, yielding absolute parallax and interconnection of reference
frames.

The RR Lyrae and Cepheid “standard candles” are critical to the determination of the Hubble constant.
At present, the realistic uncertainty in the Cepheid scale is about 15 percent, and it is a prime objective of
HST to make a modest improvement on this accuracy. Microarcsecond parallax measurements would reduce
this uncertainty by at least an order of magnitude. Quasars are generally assumed to be at “cosmological
distances” and therefore to show no proper motion of their centers of mass. An instrument with a few
psec precision could measure the relative motions of quasars, not only testing the cosmological-distance
hypothesis, but also investigating the large-scale motions in the early universe.

In the area of Galactic structure, there are several applications of precision astrometry. We could
measure the position, parallax, and proper motion of many of the massive young stars that mark the spiral
arms. These data would map the arms without the distance uncertainty that now degrades such maps
and would even show the motion associated with the density waves that are believed to be responsible for
the existence of the arms. Measurements to stars within a few kpc of the Sun would yield a portion of
the rotation curve for the Galaxy and thus a constraint on the mass distribution. Proper motions of the
Large and Small Magellanic Clouds would make possible independent determinations of the total mass of
the Galaxy and thus would tell us the amount of “dark matter” it contains.

Because of their brightness, we have an almost complete sample of the galactic globular clusters. These
objects can serve as probes of the galactic potential to large galacto-centric distances. One only need
measure a few stars in each cluster so as to average their typically 10 km/s motion with respect to the
cluster center of mass. These measurements would also make possible the determination of the orbits of the
clusters. The cluster orbital parameters could be used to investigate correlations between metal abundance,
perigalactic distance, cluster radius, and orbital eccentricity, all having strong consequences for theories of
the formation of the Galaxy. Finally, the membership of special stars such as Mira variables, AGB stars,
helium-poor or helium-rich stars, or blue stragglers could be investigated geometrically, i.e., adding parallax
to the angular position test.

Precision astrometry could be used to study stars, their formation and evolution, and their structure.
Parallax measurements would substantially improve the number of accurate mass determinations for in-
terferometrically resolved binaries, and orbits could be obtained for both components in an inertial frame,
thus yielding the individual masses rather than the usual sum of the masses. Further, for nearby stars, the
method of perspective acceleration could be used to determine the gravitational potential at the surface of
the star. The resulting improved stellar mass and distance estimates, which would span the spectral types,
would yield a sharper mass-color-luminosity relation. By concentrating on binary systems in clusters, we
could empirically add age to the mass-color-luminosity relation and further test stellar-evolution models.

The study could be extended to special objects such as Eta Car, Cyg X-1, S5433, and the dozen
Wolf-Rayet stars in double-lined systems that are near enough to study. The optical positions of the radio
emission objects could be determined to higher accuracy than the radio positions are now determined; the
spatial coincidence of these positions could thus be checked.

The astrometric determination of the wobble of a star around the star-planet center of mass would
provide a sensitive means of searching for extra-solar planetary systems. Such a search, if conducted over an
extended time period, would either find these systems or show them to be substantially less common than
now expected, leading to a revision of our ideas about the formation of stars. Second or third generation
imaging interferometers with large apertures may be able to image those planetary systems.

Astronomers are just beginning to obtain direct observational information about pre-planetary and
remnant disks around young stars. Their nature and evolution can be established though high resolution
near infrared studies of the material close to stars of widely different ages. These will provide a critical
complement to millimeter interferometer measures of gas, which probe cooler circumstellar material at
greater distances from the stellar surface. Of course, the question of the existence, distribution, and
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characteristics of other planetary systems, bears directly on the question of the existence of life remote from
our solar systen1, and the possibility that there is other intelligent life in the universe.

The deflection of light by the solar mass is one of the standard tests of general relativity. If interferometric
observations near the limb of the sun are possible, microarcsecond astrometry would permit the accuracy
of this test to be increased by at least three orders. Such a deflection test would approach the sensitivity
needed to measure the contribution to the deflection from the square of the solar potential. According to
general relativity, this term is 11 psec at the limb and falls as the inverse square of the impact parameter.
When such a test is possible it would be the first “second-order” sclar-system test of general relativity.

To summarize, the further development of IR /visible/UV interferometry should be undertaken with the
goals of precision astrometry and high angular resolution imaging. Such capabilities will revolutionize many
areas of astrophysics by providing the first morphological information on structurally complex systems.
Attaining the goal of ulira-high resolution imagery will probably take some time, certainly longer than the
nominal period to be covered in this decade survey. Fortunately, there will be important scientific returns
from the earliest stages of the program.

A Ground-Based Program

Optical and Infrared interferometry is the subject of world-wide interest and activity, and the U.S. is
fortunate to have several groups actively developing and using small interferometric facilities. The Berkeley
Infrared Spatial Interferometer is currently operational at 10 micrometers (um), and is now employed
to measure diameters of late type stars and map their circumstellar shells. The Mt. Wilson Mark III
interferometer, operating in the visible, is in use for wide field astrometry of stars, and also for several
programs to measure stellar diameters and binary orbits. The Infrared Michelson Array, at the University
of Wyoming, has recently seen first light and fringes. The Infrared Optical Telescope Array is under
construction, with installation on Mt. Hopkins expected in 1991. It will operate in the visible and near
infrared. While each of these projects is underway, none of them is as yet adequately funded to add the
critical third telescope and associated instrumentation, required for imaging applications.

In addition, several groups working with aperture masks and large telescopes have demonstrated the
reconstruction of optical images by aperture synthesis from U-V plane data.

Additional arrays are under construction or in an advanced planning stage. The Naval Observatory
Astrometric Interferometer and the Big Optical Array are sponsored by the DOD. A design study at the
Center for High Angular Resolution Astronomy at GSU has led to a plan for an interferometric array of
small telescopes.

Owing in part to the terrestrial atmosphere, qualitatively different interferometric issues arise at visible
and infrared wavelengths, with heterodyne and direct correlation, and for small and medium telescopes.
Therefore, we give highest priority to supporting a multiplicity of projects; there is no other way to engage
an adequate community of experimentalists and to train students for the development of the field. Similarly,
progress on scientific issues over a wide front will require several operational arrays.

We recommend support for existing small interferometers and development of larger ones. These will
further the understanding of technical issues, and will directly yield significant scientific benefits in the
measurement of stellar diameters, binary star parameters, and many other areas of predominantly stellar
astronomy. We recommend the construction of at least one array of approximately five telescopes of
approximately 2 meter aperture, with baselines of at least 100 meters, for demonstration and use in infrared
imaging. This will enable the systematic study of star formation, reconnaissance of the outer structure of
AGN’s, and many other topics involving moderately faint sources.

The proposed programs for the 1990’s will lay the foundation for an advanced IR /optical array in the
next decade. For such an array a considerable number of apertures, with a total collecting area comparable
to a 16 meter filled aperture telescope, and an actual unfilled aperture size of many hundreds of meters, are
envisaged. This project, a Very Large Optical Array, will extend ground-based optical interferometry to its
faint limit, and will probably have a snapshot capability. We cannot at this time specify the VLOA in any
detail. However, serious planning and design can and should begin later in this decade, with the objective of
preparing a plan and proposal for the next decade survey ten years from now. This recommendation finds
support in the long range planning efforts of NSF’s ACAST (Long Range Planning Subcommittees, 1990).

The current DOD and private funding for optical interferometry is critically important, but requires
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significant augmentation, including non-DOD national funds. The experimental projects recommended for
the 1990’s should reasonably be concentrated in the university community, where cost-sharing is readily
arranged, and where students will have maximum participation. The VLOA of the next decade will be a
unique facility, and would appropriately have national sponsorship and community access.

A Space Program

The Interferometry Panel finds that there is great scientific potential in space-based optical interferom-
etry. Much of the required technology is either in hand or rapidly emerging, but some specific technologies
require development. This work should be started in the early 1990’s so as to be ready to support a
field that is ripe for productive scientific exploitation. We envision an orderly progression from small to
large instruments, with the experience gained in the construction of ground-based imaging and astrometric
interferometers and large aperture telescopes playing a significant role in the design of the large imaging
instruments in space that we recommend for the 21st Century. The recommended progression has three
steps: (1) an astrometric mission; (2) a multi-aperture imager (30-100 m baseline); and (3) a major imaging
facility with a synthesized aperture of at least one km. These recommendations correspond to components
of the recommended post-1995 astronomy and astrophysics program reported by the Space Science Board
(1988). It is also consistent with the recommendations of NASA ’s Planetary System Science Working Group
(see Appendix).

(1) During the 1990°s we should design and build the first space-based optical interferometer. This should
be an astrometric instrument of the Explorer or intermediate class with a measurement accuracy goal of a
few psec, and certainly better than 30 usec. Such an instrument would be a powerful new multi-disciplinary
tool for astronomical research. It could open new areas of astrophysical investigation and change the nature
of the questions being asked in some old areas. It would address several pressing scientific questions ranging
from the existence (or absence), prevalence, and characteristics of extra-solar planetary systems, to galactic
structure, mass, and mass distribution. It should directly determine the Cepheid distance scale to better
than 2%, would be a potent tol for the detection of planetary systems out to at least 200 pc, and could
perform a stringent test of general relativity. The importance of such an instrument has been recognized
previously by the scientific community in various NASA and National Academy reports (Space Science
Board, 1981; Physics Survey Committee, 1986; Space Astronomy MOWG, 1981).

Although much valuable work could be done with a narrow-angle instrument, there is a considerable
advantage to an interferometer that can directly measure large target separations. Such capability opens
the way for the determination and correction of instrument bias via 360 degree closure as well as for direct
parallax determination without need for a zero-parallax reference object. This is important since, in the
case of narrow angle astrometry, finding and certifying a zero parallax object for use with a chosen target in
conjunction with psec astrometric measurements poses problems that arise both because of the small (few
square arcmin) field of view for reference objects and because in some directions (e.g., the galactic center)
extragalactic objects are obscured. Similarly, measuring the proper motion of and within globular clusters
is facilitated by being able to use reference objects outside of the cluster-obscured region.

For a wide-angle instrument and a given target star, the field available for the reference star is generally
large and may approach a steradian. Thus a small set of well studied, bright stars (V = 10) can serve as
reference objects for most observations. Sufficiently redundant observations within the reference set will
yield a rigid frame in which the separation would be known a posteriori for any pair of stars, even those
not simultaneously observed. Within the reference set, every star becomes a reference for every other star.
Thus this frame could be tied to both the extra-galactic frame and the radio frame by a modest number of
observations.

For a wide-angle instrument and a given astrometric target (star, asteroid, QSO etc) the field available
for reference or comparison objects is large and may approach a steradian. Access is thus ensured to selected
reference sources, including distant extra-galactic, zero parallax, zero proper motion objects, well studied
stars, and other program sources, allowing all to be tied into a rigid frame.

(2) During the 1990°s we should develop the technology for an imaging interferometer that could be
deployed in space early in the next decade. This logical successor to HST should have a resolution about an
order of magnitude greater than HST. Although considerable analysis is required before the architecture of
such an instrument is established, we project that it will have a maximum baseline length of at least 30 and
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possibly as much as 100 m, and total collecting area comparable to HST. The aperture might consist of 20
or more individual segments, arranged in a configuration determined by a tradeoff of resolution, sensitivity,
time required to form an image, and other factors.

This intermediate-size instrument would yield a high level of scientific return by virtue both of its
order-of-magnitude resolution advance and of its ability to image faint objects. It would benefit from the
ongoing work on ground-based imaging interferometers; it would also benefit from the development of the
astrometric interferometer.

(3) During the early part of the next century, it should be possible to build a greal tmaging interferometer
in space. This km-scale facility with multiple large apertures (say two to six meters) would represent a major
undertaking and could serve as the focus for an international scientific collaboration. The most desirable
approach for building the great imaging interferometer is not yet clear. There may be considerable economic
advantage to building this instrument on the Moon, depending on a clarification of the extent and time
scale of the lunar scientific opportunities. A second option is to use separate free-flying spacecraft for each
aperture, with the geometry of the array monitored and controlled by laser beams. The array might be
located at one of the libration points of the Earth-Moon system or in geosynchronous orbit. This approach
may be attractive, provided that it is possible to build such a “floating imager” at moderate cost. A third
possibility is to connect the individual aperture modules by long beams. Studies of the different options will
be necessary during the 1990’s in order to identify the optimum approach.

Compensating for the Atmosphere with Adaptive Optics

The attainment of diffraction limited imaging is perhaps the most important challenge in ground-based
astronomical instrumentation. Over the last 350 years, we have improved the sensitivity of our telescopes
10 million-fold, but at optical wavelengths atmospheric turbulence still prevents the resolution of even the
largest telescopes from consistently exceeding that of a telescope with an aperture of only a few inches. We
need high angular resolution in astronomy for the information available in improved imagery, and to reach
fainter limiting magnitudes.

Many astronomical objects have structure much less than an arcsecond in scale. Such objects include all
distant galaxies, the cores of normal and active galaxies, regions of dense star formation, most circumstellar
disks, and all but the most gross features of planets. The Hubble Space Telescope should provide dramatic
improvements in visible and UV spatial resolution, but only modest improvements in the infrared. However,
an 8 meter ground-based telescope equipped with adaptive optics will provide angular resolution at 2 um
equal to the resolution of HST at 0.5 um. Although adaptive optics will improve the performance of
ground-based telescopes at all wavelengths, the gains in the infrared will probably be the most productive
for astronomy in the 1990’s, and the infrared science objectives are emphasized here.

Some of the most exciting applications of adaptive optics will be in the imaging and spectroscopy of
galaxies. AGN’s and the cores of “normal” galaxies are especially amenable to study with this technique.
For instance, measurements of velocity dispersion near the center of normal galaxies such as M31 or M32
indicate that they may contain 107 Mg black holes. Such data can be checked and extended to other nearby
galaxies by using adaptive optics to carry out high spatial resolution spectroscopy. The central regions of
galaxies are clearly special, and an 8 meter telescope will be able to explore these out to 3 Mpc with a
resolution of 1 parsec. A 3.5 meter telescope should be able to resolve spiral arms anywhere in the universe.
The surface brightness of an elliptical galaxy is very high, and it should be possible to carry out spatially
resolved, velocity dispersion measurements for distant elliptical galaxies, enabling us for the first time to
study the dynamics of galaxies in an earlier stage of evolution.

Supernova searches can be extended to high redshift galaxies by working in the infrared with adaptive
optics. Even more exciting, especially for 8 meter telescopes, is the possibility of detecting very distant
supernovae. Since SN probably occur before a galaxy forms a disk, we may see SN from primordial galaxies
before we see the galaxies themselves. Also, it may be easier to detect a time-variable point source than
a very low surface brightness extended source. The detection rate for SN at z=1 to 3 would be low for
the local SN rate, but could be in the range 1/night of observation if the star formation rate in primordial
galaxies were as large as 60 My per year.

Large telescopes with adaptive optics will allow us to explore the morphology and kinematic structure of
circumstellar disks, especially around late-type stars. These observations, essential for studies of stellar and
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Figure 4 (left). A demonstration of diffraction limited imaging at 2.2 ggm with adaptive optics and a 1.5 m telescope. The
image is of the binary %2 Ari, separation 0.55” (Rousset et al, 1990).

Figure 5 (right). The calculated seeing width as a function of wavelength for an 8 m telescope with various degrees of
adaptive compensation. The uncompensated Strehl width at 0.5 gm is assumed to be 0.66 arcsec. (F. Roddier, private
communication)

planetary formation, can be achieved from ground-based telescopes. IR speckle observations have already
shown the existence of infalling halos with solar system size inner diameters around stars such as HL Tau
and R Mon. Adaptive optics allows us to explore such structures with a resolution of 10 AU for the nearest,
with sufficient sensitivity to study a representative sample of objects with different ages. Studies of the
circumstellar gas kinematics are necessary to determine how stars and planets form. Keplerian velocities are
of the order of 10 km/sec, so we need spectral resolution of 100,000 and high spatial resolution to determine
whether matter is falling into or leaving the star. Emission from the CO molecule at 4.8 pm should be well
suited for this measurement.

Another important problem is the initial mass function of young stars as they condense from clouds of
gas and dust. The IMF is crucial for many studies of star formation and galaxy evolution. In the Orion
molecular cloud OMC1, the separation between stars at the present detection limit is a few arcseconds, and
many of these are multiple. High spatial resolution is needed to obtain the HR diagram.

Brown dwarfs are objects too small to initiate hydrogen burning. Although there are strong theoretical
grounds for their existence in large numbers, no confirmed detection has been yet made. Since the dwarf
is close to the brighter primary, high angular resolution and dynamic range are required. With adaptive
optics and an expected dynamic range of 9 magnitudes it should be possible to detect 40-50 Jupiter-mass
objects out to a distance of at least 5 pc. This is a comparable sensitivity to the complementary technique
of Doppler measurements (Latham et al, 1989).

For point objects improvements in seeing scale directly into improvements in limiting flux, owing to
the reduction of background possible with improved concentration of light in a point source image. Higher
angular resolution on large telescopes is in fact the most cost-effective way of observing fainter point objects.
Thus a diffraction limited 3.5 meter telescope can in principle reach the same limiting flux as a 30 meter
seeing limited telescope in the visible. Incorporation of diffraction limited imaging on an 8 meter telescope
extends its limiting flux by more than an order of magnitude in the near infra-red.

The method of adaptive optics includes all orders of wavefront correction, beginning with the simplest,
tilt correction (similar to fast guiding). The order of correction employed, and the resulting image improve-
ment, will depend on the wavelength and telescope diameter. Thus in the infrared, low order correction
alone may achieve near diffraction limited images, while at shorter wavelengths low order correction will
provide improved image quality, while still far from the diffraction limit.

A major limitation of adaptive optics is the limited field of view over which the technique is applicable.
Light from two sources in the sky travels through different turbulence and our ability to correct the
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wavefront over an appreciable field is limited by this effect. The region over which the optical properties of
the atmosphere are correlated is called the isoplanatic patch. The size of the isoplanatic patch is a serious
problem since often the target object itself is too faint to readily determine the instantaneous atmospheric
wavefront. A nearby bright source must serve this function. We can then only observe bright objects or
objects that happen to be near a bright star. The probability of finding a bright enough guide star within
the isoplanatic patch varies with wavelength, so that in the infrared we can indeed use an off-axis guide star
to make the complete corrections. The area of sky which can be covered depends strongly on the order of
correction desired and the wavelength, and varies from near 100% at 10 um (large isoplanatic angle, large
time constant) to less than 1% at 0.5 pm (isoplanatic angle of only a few arcsec, short time constant).
For low orders of wavefront distortion, such as would be compensated with partial adaptive correction, the
correlation extends over much larger angles. Thus, for example, for tilt error, with an 8-meter telescope,
the correlation coefficient should exceed 0.5 over angles of several hundred arcsec (this angle depends on the
model of the atmosphere, seeing, etc).

To overcome the need for a nearby astronomical reference source Foy and Labeyrie proposed, in 1985, to
generate an artificial star by focusing a single frequency laser in the Sodium layer of the upper atmosphere.
The laser-generated artificial star could then be positioned near any object in the sky. The major technical
problem are the laser and the correction of many elements in the aperture for work in the visible. An
artificial reference source cannot provide a measurement of the lowest order errors, the piston (relevant only
for interferometry) or the tilt, thus a celestial reference source is still required. However, with an artificial
reference source to ensure a plane wavefront across the telescope aperture, a much fainter celestial reference
may be used, and only low order information is required of it.

A Program for Development and Implementation of Adaptive Optics

A large and continuing DOD investment goes into adaptive optics. This effort represents an important
potential resource for astronomy, although actual DOD systems may be too complex, expensive, or specialized
for wide implementation in astronomy. Although several sources are available for the principal components of
adaptive optics systems, turnkey or blackbox systems are not currently feasible or desirable. The astronomy
community must develop the expertise to build and utilize these relatively complex systems.

Several groups in the U.S. are currently working with adaptive optics for astronomy. These include
NOAO (solar and stellar programs), Johns Hopkins (adaptive optics with coronography), the University
of Chicago and University of Illinois (laser reference techniques), University of Hawaii (wavefront sensing,
adaptive mirrors), and Steward Observatory (neural net processing, adaptive systems). Such programs are
important to development, adaptation, and implementation of technology and training of students. Support
is required to continue and expand such activities.

We recommend support during the 1990’s for the implementation of adaptive optics on a number of
telescopes, particularly including large telescopes, where the potential gains are greatest. The early years
of the program should emphasize the areas of infrared imaging and spectroscopy and solar astronomy. The
scientific return in these areas is expected to be readily achieved, once adequate resources are made available.
Later in the decade, more sophisticated systems will extend diffraction-limited visible performance to large
telescopes. Combined with the multi-telescope interferometry programs described above, AQO will yield a
large gain in performance of distributed optical arrays.

Adaptive Optics is a revolutionary and cost effective emerging advance in ground-based astronomical
instrumentation. At the moment it suffers from a high entrance fee in terms of intellectual investment and
capital. We can target five areas which need support over the next decade.

1 Rapid demonstration of partial correction. Adaptive optics systems with 10-100 actuators may be
demonstrated and used extensively for science during the next five years. These will be near state of
the art and will be implemented initially for solar work at visible wavelengths and for 3-4 meter class
telescopes in the infrared.

2 Development of lower cost systems. It should be possible to develop moderate cost adaptive systems
oriented to astronomers requirements. Our objective should be to extend the most useful benefits of
adaptive optics to many telescopes and interferometric arrays at a cost not much different from a major
instrument. The key here is the development of new types of hardy, cost-effective adaptive mirrors and
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wavefront sensors. Membrane mirrors, bimorph mirrors, and curvature sensing are techniques which
appear promising. These systems will probably be built by astronomers at their home institutions.

3 Laser reference systems. Implementation of high order adaptive correction, or extension to faint sources
of partial correction at visible wavelengths, will require laser reference systems. It will be a challenge
to devise cost-effective implementations of these potentially expensive techniques for use in astronomy.
Such work may use hardware developed for military systems, and may profit from collaboration with
experienced DOD contractors.

4 Algorithms. The development and application of mathematical techniques is required both to control
the system and to improve the images once they have been detected. Although much of the light can
be contained in the outer halo of the point spread function, especially at shorter wavelengths with
partial correction, simulations show that the halo is smooth and has low surface brightness after a long
exposure. Deconvolution and contrast enhancement methods, such as the van Cittert or more powerful
non-linear techniques similar to those used by radio astronomers, can dramatically improve the dynamic
range of the processed images.

5 The training of an adequate core of personnel. Adaptive optics systems are complex. Small errors in
understanding can and have invalidated some work. DOD systems often have a near permanent staff
from the manufacturers to keep the sub-systems running. At observatories at least some staff on the
mountain must be well informed and able to adjust, service, and improve the systems.

At present the only working adaptive optics system in night time astronomy (excepting simple tip/tilt
correction) is in Europe. Funding and support of this technology is essential to maintaining the competi-
tiveness of existing U.S. telescopes, even of the 8-m telescopes that are on the drawing board. The cost of
a balanced program in the U.S. is estimated at $35 million over the next ten years, less than the cost of a
single large facility.

Gravitational Waves

Observations of the inspiral rate for the binary pulsar PSR 1913416 have given strong support to
the predictions of general relativity for the strength of gravitational radiation from accelerating massive
bodies. Valuable limits on the intensity of gravitational waves reaching the Earth have been set by a
combination of terrestrial antennas of different kinds, including Doppler tracking of distant spacecraft
and timing measurements on millisecond pulsars. We will describe here two proposed gravitational wave
observatories using laser interferometers as broadband antennas, and the opportunities for obtaining entirely
new types of astrophysical information with them.

One proposed observatory is LIGO (the Laser-Interferometer Gravitational-Wave Observatory), a high-
frequency, earth-based project, which is now nearing the end of a decade-long planning, design, and research
and development stage. This project would construct a vacuum facility to support many generations of
gravitational-wave detectors, and would construct an initial detector system. Construction of LIGO has
been approved by the National Science Board, and funding has been requested from the Congress. The
other proposed observatory is LAGOS (the Laser Gravitational-Wave Observatory in Space), for which a
preliminary feasibility study has been completed. It will be proposed to NASA for technology development
during the 1990’s and possible flight in the decade 2000-2010. These observatories would cover the frequency
range from roughly 10* Hz to 1 Hz (LIGO) and the from 1 Hz to 107° Hz (LAGOS).

Gravitational waves are emitted by the coherent, bulk motions of large amounts of matter (e.g.
collapsing stellar cores) and by coherent, nonlinear vibrations of space-time curvature (e.g. collisions of
black holes). The strongest extragalactic waves bathing the earth are not likely to exceed h ~ 1072%, where
h is the strength of the perturbation in the metric. The strongest sources are likely to be black holes and
neutron stars — e.g., the violent births of black holes and neutron stars in stellar implosions, and the inspiral
and coalescence of binary neutron stars and black holes in distant galaxies. The characteristic frequencies
of vibration and rotation for neutron stars are less than or of order a few kilohertz; and those for a black
hole of mass M are

f~
(where 2My is the smallest possible mass for a black hole that forms by stellar collapse). Thus, the strongest

waves are likely to lie at frequencies of 10 kHz and below.
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Because the strongest sources are compact concentrations of highly dynamical mass, they typically
will lie in regions obscured by surrounding matter (e.g., in the core of a supernova explosion or at the
center of a galaxy or in the big-bang origin of the universe). Fortunately, gravitational waves are highly
penetrating. For example, primordial gravitational waves should have last scattered near the Planck time,
~ 1073 seconds, when the initial conditions of the universe were being set by the (little understood) laws
of quantum gravity

High Frequency Gravitational Wave Sources (LIGO)

Coalescence of neutron-star and black-hole binaries. Of all sources in the LIGO’s high-frequency band,
the final inspiral of a binary neutron star is best understood: Because the binary orbit is nearly Keplerian,
the details of the waves are known with confidence; and binary pulsar observations have provided enough
information about birth rates of binary neutron stars to pin down the distance to which one must look in
order to see several coalescences per year. That distance is 100 Mpc, give or take a factor of a few. Advanced
detectors in the LIGO should be able to detect the inspiral waves out to a distance of about 1000 Mpc,
where the event rate is presumably many per year (see Figure 6a).

From measurements of the waveforms emitted by the final inspiral and coalescence, one can extract the
masses of both objects. The inspiral waveforms also reveal, directly, the distance to the source — without
any assumptions. Thus, such inspirals serve as “standard candles”.

Supernovae. Those supernovae (primarily type II) that are triggered by the collapse of a stellar
core to form a neutron star should produce bursts of gravitational waves. Although the rate of such
supernovae is well known from electromagnetic studies, the strengths of their waves depend crucially on the
unknown degree of asymmetry of the collapse. The LIGO has hope of seeing highly asymmetric collapses
(~ 1073 Myc? radiated) out to the VIRGO cluster, but would have difficulty seeing nearly spherical collapses
(~ 1071%Mgc? radiated) even in our own galaxy. Observational studies of the gravitational waves from
supernovae could bring information not obtainable in any other way about the asymmetry in the collapse
and about the physics of very young neutron stars.

Rotating Neutron Stars. Advanced detectors in the LIGO could detect the gravitational waves from
a neutron star anywhere in our galaxy if its equatorial ellipticity exceeds €min ~ 107 ( Prot/1 msec)?,
where P, is the star’s rotation period. If there are many such neutron stars, LIGO will be a rich source of
information about neutron-star physics.

When a neutron star with magnetic field B ~ 107 Gauss is being spun up by accretion from a
companion, the spinup may be halted by an instability triggered by gravitational radiation reaction.
Interesting constraints on the viscosity of neutron-star matter (which impedes the growth of the instability)
and on the equation of state would follow from observing such objects.

Black — Hole Births. Black holes with masses of a few Mg up to a few tens of Mg are thought to
be born in the collapses of massive ordinary stars; and more massive holes may be born in galactic nuclei,
in collapses of supermassive stars, and/or in star clusters. The rate of such events is highly uncertain (it is
not even firmly known that black holes exist); and the mass spectrum of the resulting black holes is highly
uncertain. Advanced detectors in the LIGO should be able to detect highly nonspherical black-hole births
throughout the universe, for hole masses between 50 My and 1000 Mg.

Cosmological Studies. Gravitational-wave observations might bring us valuable cosmological informa-
tion in several areas. One concerns fluctuations in the early universe. Gravitational waves emerging from
the Planck era of the big bang — even waves so weak that they are nothing but vacuum fluctuations —
can be amplified, during the earliest epochs of the universe’s expansion, to make them detectable. The
amplification is “parametric”; it results from coupling of the waves to the large-scale background curvature
of the expanding space-time. Observations of such waves, or failure to observe them, will provide valuable
information or constraints on theories of the very early universe, such as “inflation.” The potential sensitivity
of the LIGO is about 10~1° of the closure density at frequencies near 30 Hz. For comparison, pulsar timing
1s now nearing Qew ~ 10~7 at f ~ 10~2 Hz; anisotropy of the cosmic microwave background gives limits
of Qew ~ 10712 in a very narrow window at f ~ 10716 Hz; and the time delay in the gravitational lens

0957+561 gives a limit Qgw ~ 1078 at f ~ 3 x 107'8 Hz.
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Low Frequency Gravitational Wave Sources (LAGOS)

Binary Stars. The total number of binaries in the galaxy with frequencies between 1075 and 10-2 Hz is
roughly 103, This includes detached binaries, contact binaries, cataclysmic variables, neutron star binaries,
and close white dwarf binaries. The numbers expected are fairly well known, except for the close white
dwarf binaries, which have not yet been observed. Specific predictions of the number density of white dwar{
binaries are available but are highly uncertain, in part because such binaries must undergo two periods of
common envelope evolution during their history, and could be disrupted. Evolutionary calculations suggest
that substantial numbers of black hole-neutron star binaries may also be present.

The number density of binaries in our galaxy drops off rapidly at higher frequencies, and at some
frequency near 10~3 Hz there will be less than one binary per cycle-per-year frequency bin. Somewhat above
this frequency, most binaries will be clearly resolved, and their locations can be determined by analyzing the
change in signal strength as they go through the sharp nulls in the antenna pattern. The highest frequency
galactic binary signals are expected to be about 3 x 1073 Hz for neutron star binaries, and about 2 x 102
Hz for close white dwarf binaries if they are present at 10% of the calculated number density. The strengths
of the expected signals for these two types of binaries are shown in Figure 6b. Below 10~3 Hz, some binaries
which happen to be unusually close will be observable above the unresolved galactic binaries.

Information concerning the unresolved galactic binaries can be obtained from the shape of the observed
spectrum. However, these binaries also provide noise, which makes it more difficult to observe other kinds
of signals such as possible extragalactic backgrounds and possible coalescence signals from active galactic
nuclei. The unresolved galactic binary signal strength is shown in Figures 6a-c, both without close white
dwarf binaries (solid curves) and with 10% of the calculated number density for them (dotted curves). If
the close white dwarf binaries are present at nearly the calculated level, an isotropic stochastic background
signal should be observable between 10~3 and 10~2 Hz due to the integrated signal from all the other
galaxies. Each shell of a given thickness contributes roughly equally on the average, so the signal would
come from sources nearly all the way out to the Hubble radius.

Coalescence signals from AGN’'s. Probably the most interesting burst source for LAGOS is inspiral
signals from white dwarfs, neutron stars or ~ 10M¢ black holes orbiting around central supermassive black
holes (SMBH’s) in AGN’s or quasars. If perhaps 10% of the AGN or quasar core immediately after SMBH
formation is in such compact objects, inspiral signals may be observable between 0.3 and 10 millihertz
during the period while the SMBH is growing to roughly 10"Mg. However, if close white dwarf binaries
are present at nearly the calculated density, fluctuations in the integrated signal from many of them will
limit the antenna sensitivity. In this case, the range of frequencies and distances over which signals could
be observed would be limited, and the event rate would be reduced.

Cosmological backgrounds. The sensitivity of LAGOS in searching for cosmological backgrounds
such as possible amplified relic gravitons from inflation would again depend on the strength of the noise
background from close white dwarf binaries. For a density of such sources which is 10% of the calculated
value, the sensitivity would be about 10~ of the closure density. However, with few close white dwarf
binaries, the sensitivity would be roughly 100 times better.

A Gravitational Wave Observatory Program

A laser interferometer gravitational-wave detector, in its simplest conceptual variant, consists of masses
that hang by wires at the corner and ends of an L. A gravitational wave pushes the masses back and forth
relative to each other, changing the difference in the length of the detector’s two arms by an amount AL that
is proportional to the arm length L and to the strength of the metric perturbation h. By laser interferometry
one directly reads out AL/L and, from its time evolution, the waveform h(t). The interferometry is typically
done in one of two ways: each arm is operated as a delay line, with a light beam bouncing back and forth
in it many times, or each arm is operated as a giant Fabry-Perot cavity with finesse as large as 10,000.
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More sophisticated optical configurations, called “broad-band recycling,” “dual recycling,” and “resonant
recycling” have the potential to improve the sensitivities markedly.

For most noise sources (e.g. seismic noise, gravity gradient noise, and thermal noise, which dominate
at frequencies f < 100 Hz), the displacement noise AL in the interferometer is independent of the arm
length L; and, correspondingly, the gravitational-wave sensitivity h = AL/L improves with increasing arm
length. Prototype interferometric detectors, with arm lengths from 1 meter to 40 meters, have been under
development since 1970 and vigorously since about 1976. Feasibility studies, technology development, and
planning for full-scale detectors have been carried out in the United States since 1981, with funding from
NSF. In 1984 plans were initiated for the design, construction, and operation of a full-scale system called the
LIGO; and in 1986 the Physics Survey Committee (“Brinkman Committee”) strongly endorsed the LIGO.

The unequivocal ground-based detection of gravitational-wave bursts amidst instrumental and environ-
mental noise requires cross correlation of two detectors at widely separated sites. For this reason, the LIGO
will include two facilities, far apart in the continental United States, in which cross correlated detectors will
operate. To determine the direction to a source and to separate its two polarizations (i.e. to extract the full
details of the wave) will require cross correlating three, and preferably four detectors at widely separated
sites. The American effort will have to rely on similar detectors in Eurcpe, Japan, and/or Australia for the
third and fourth detectors of a world-wide network. Numerical simulations of such a network predict, for
gravitational-wave bursts, angular resolutions of a few tens of arc minutes for interesting sources.

Figures 6a-c show the expected sensitivities of (i) the first detectors planned for the LIGO, and (ii)
more advanced detectors that might operate in the LIGO a few years after the first ones. The technology
for the advanced detectors is expected to be well in hand within the next several years, but key aspects of
their design cannot be tested adequately in the existing 40-meter prototype vacuum system, and must await
the full scale LIGO.

The development and operation of a network of resonant acoustic bar detectors should continue to be
supported. The detectors are approaching sensitivities which could detect galactic supernovae. The present
prototype interferometric detectors, although beginning to rival the sensitivity of current bar detectors, will
not be operated in observational mode during the development of the large baseline systems.

Laser Gravitational Wave Observatory in Space

Ground-based interferometric detectors cannot be used in the low- frequency band because displacement
noise for their test masses is an insurmountable problem at low frequencies. To achieve high sensitivity in
this band requires an interferometer in space with very large arm lengths. The proposed LAGOS antenna
makes use of carefully shielded test masses freely floating inside three separate spacecraft, which are 107 km
apart. The cluster of three spacecraft is located near the L-5 point of the Earth-Sun system. The lengths
of the two interferometer arms will remain equal to 0.2% for proper choices of the initial orbit parameters.

Changes in the test mass separations are monitored by laser phase measurements. One watt of power
from a cavity-stabilized Nd-YAG laser pumped by laser diodes is sent out from the central spacecraft to
each end spacecraft through 0.3 m telescopes. Similar lasers in each end spacecraft are phase-locked to the
received signal and transmit back to the central spacecraft. The phase of the returned signals is measured
as a function of time with respect to the laser in the central spacecraft.

To the extent that the test masses can be protected from spurious accelerations at frequencies of 107°
to 1 Hz, laser wavelength variations can be corrected for by measuring the sum of the apparent variations
in length for the two interferometer arms. The corrected laser wavelength is then used to determine changes
in the difference in arm lengths due to gravitational waves and instrumental noise. The effect of the
residual laser wavelength variations is reduced because they are nearly common mode for the two arms.
This correction procedure works at all frequencies in the range of interest, except for narrow bands around
harmonics of the 0.017 Hz round-trip frequency for one arm.

The expected antenna performance is shown in Figures 6a-c. The best performance is achieved for
frequencies between 1073 and 10-2 Hz. The performance gets worse above 10-2 Hz because of the
gravitational wavelength getting shorter than the arm length, and worse below 10~2 Hz because of spurious
accelerations of the test masses and thermal fluctuations in the telescope. The performance degrades even
more rapidly below about 2 x 10~° Hz because the thermal isolation becomes inadequate.

A single antenna in space should be sufficient for measuring most kinds of expected low-frequency



INTERFEROMETRY

V-17

1072}

-
N 1&,05 \[BN Coclescence

=

NS Coalescence 2.
100 Mpc *ecto,,
1 1 | | i |

. -6 -4 -2 2 4
5 a9 10 10 | 10 10
< 10 T T T T T T T T

pooe'sl

= M GPS Doppler

- = . gl
3 ~ Gane® orRs ~

> ~ -
= o"}F 10° M I~ -
'a \ C-“'I\I\

c Hech
3 e, Cattech 1976 Bars
— \0 Beams
o )
- -16 \ e

(3] |O B %‘ » . ®
Q b4 w‘qe .
© N e

® By Sy *— 1986

(o] — (v\ T~ 10 5 \ POr,,o.o{ Bors

- [~ 10" M_ BNy » b8 | a Sny

o\ ° Coalescenc 3 £
o v} 253 ¢ VAR ¥ ol S < 102
= -i8 VA E] - o =y M 2
10 S LAY 04y 0,
L) o'o sl 4
© -t -
2 e LR 1
- - -
— 10 ™ b
a Syt Cotescance N \
E IO-ZO 7/ 10 \
< L7
: 6
.8 WD /10 M,
- -
R.L
[
QL
L
[8)
o
L
O
=
|&

S
L)

10°®

io*

102 | 10°

B I \ i 1 } 1 | | |
= 0'20 Binary Confuslon
< —
.Cm Beoms
Caltech
.‘? 1988
>
—
] ®ise6 \oh
S 22 ’ Tokyo Bar st
n |O // s Glasgow
8 4 . ™ a7
Vd nxlr
+ P
o ,/ R \g
3 1913416 /c’oa, veia |
8 /’\y %‘. Limit
o~ ’ ?‘ l t Cradb
5 _24 -~ 2 | Limit
f, 10 “'+ LAGOS H 1 var
al oa"Bor Tech,
S ot ! §
x L \ Y g
(_1 B El GEEand_ou_n -/—/;;url
£ ?-_‘ \ 7 II rotlo‘yrn
< \ A /
) -26 \ S AL
= 10 = 1 ’ \[no kpc
B4 A 4 |0'1,lkpc
5 N\ =
S AN :‘;/ 1937421
= \ & Limits
2 N \!
(=] N
£ N LI1GO
© -28 T T T T eIt
10 ] 1 1 i ] | ] S Gvess
-g -4 -2 2 4
i0 10 o) ! 10 10

Frequency f, Hz



V-18 ASTRONOMY AND ASTROPHYSICS PANEL REPORTS

8 -6 -4 -2 2 4
< g 1 10 10 10 l 10 10
5 ) i I | |
r<
>
=
2
E -8 1986 Bsoms
s 10 a/\
@ \
S WUM
=4 ai‘:\arniu N Munich
g Glasgow 87
-
4 ~-20
e 10
© 1987 Bar 4
P~ Tech.
s 2
2 “/ \-\
O
= -22 S
g 0 ’&
<
< y.&
L )
- AN
W
Z N
5 N
g 10 -
- “of®
o et
S "o N

10*
Frequency f, Hz

Figure 6a (opposite, top) Gravitational-wave bursts: estimated source strengths and detector sensitivities. Plotted vertically
are the characteristic amplitudes h, of gravitational waves from several postulated burst sources and the sensitivities of
several existing and planned detectors. Abbreviations are BH, NS, and SN are used for black hole, neutron star, and
supernova. The sensitivities are for 90% confidence of detecting very rare bursts.

Figure 6b (opposite, bottom) Periodic gravitational waves, and detector sensitivities for 90% confidence of detection in 107

seconds of integration time.
Figure 6¢ (above) Stochastic gravitational waves and detector sensitivities. (These figures adapted from Thorne, 1987, where
additional discussion will be found.)

gravitational wave signals. Periodic signals from roughly 103 binary stars in our galaxy, near 10~3 Hz
and possibly up to 10=% Hz, should be easily observed. Below about 10~3 Hz, there will be a random
superposition of signals from roughly 10® binary stars in our galaxy, which cannot be resolved in frequency
even with a few years of data. However, the passage of the galactic center through the nulls in the antenna
pattern four times a year will verify that the detected spectral amplitude curve is not due to unexpected
instrumental effects. It is only for isotropic extragalactic background that the limitation of having a single
antenna is likely to be substantial.

Until the LAGOS antenna is developed, the principal technique for searching for low frequency gravita-
tional waves will continue to be Doppler tracking of distant spacecraft using microwave transponders. The
sensitivity will be increased substantially by tracking in X-band on both uplink and downlink, a step to be
taken for the first time with the Galileo mission; and can be increased still further by tracking at Ka-band,
as is being considered for the Cassini mission. Since searching for gravitational waves is a small additional
cost for missions to the outer planets, we recommend continuing to carry out searches with future missions,
especially those that will have Doppler capabilities at X-band and/or at higher frequencies.

Technology Development During the 1990’s
Conceptual design studies for LAGOS were carried out during 1985-1988 under the NASA Innovative
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Research Program. Preliminary technology development studies were started in 1989. The present mass
estimates are 200 kg on-orbit mass each for the two end spacecraft and 400 kg for the central one.

There are several areas in which major technology development is required. The first is the development
of a very low thrust station-keeping and altitude-control propulsion system. The thrust levels required are
far below those for any previous mission, but are needed continuously to counteract solar radiation pressure
on the spacecraft, so high fuel efficiency is desired in order to permit a 10 yr mission lifetime. The primary
requirements on the system are that it keep the spacecraft centered on the test mass, and that it maintain the
spacecraft orientation accurately with respect to the laser beam transmitted by one of the other spacecraft.

A Disturbance Reduction System is needed to protect the test mass inside each spacecraft from spurious
accelerations which could mask the effects of gravitational waves. The requirement is to keep the fluctuations
of the spurious test mass accelerations about 6 orders of magnitude below the acceleration an uncorrected
spacecraft would have due to variations in the solar radiation intensity and in the solar wind.

LAGOS requires construction and space-qualification of 1 Watt stable lasers with long lifetime and high
efficiency. The development of diode-pumped Nd-YAG lasers has been proceeding rapidly, and a five year
lifetime for each laser with about 15% efficiency and high reliability appears feasible. The lasers would be
locked to rugged Fabry-Perot interferometers with low expansion spacers and optically contacted mirrors to
provide good short-term stability.

Two other areas are the development of a high-stability laser beam steering system and the investigation
of improved thermal insulation methods.

A gravitational wave antenna to go on the Moon soon after the year 2000 also has been proposed.
By working with LIGO and with other terrestrial antennas, it would improve the angular sensitivity for
determining the location of burst sources. Such a lunar antenna also would require technology development
during the 1990s. The frequency range would be from perhaps 0.3 Hz to a few kHz.

Prospects for International Collaboration

International collaboration is likely to play a role in the larger projects recommended here. We note that
there is considerable interest in the European space community in astrometry from space (viz. Hipparcos)
and an imaging interferometer features prominently in the ESA Horizon 2000 program.

The search for gravitational radiation and especially the full development of gravitational wave as-
tronomy would benefit from a worldwide network of interferometers to gain source position and wave
polarization information. On-going efforts in Europe and proposed programs in Australia and Japan are to
be encouraged.

Related Issues

(1) Adaptive optics and optical interferometry require imaging detectors of the highest quantum
efficiency and lowest noise. This requirement is strongly driven by the need to detect position and phase
reference information within an atmospheric time constant, usually much less than a second.

(2) The large telescopes planned for this decade could constitute a unique resource for interferomet-
ric experiments or instruments of the future, provided some consideration is given to their siting and
configuration in the planning and construction phase.

(3) The transfer of technology from DOD to the astronomy community is important to the timely and
cost-effective development of adaptive optics for astronomy.

(4) The Explorer program has a nominal cap for total mission cost to launch of $100M. There is a large
gap between this level and the level of a typical “new start” taken to congress. This inhibits scientifically
important missions which naturally fall in this cost range, as an Astrometric Mission probably does.
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Appendix - PSSWG Statement for the Interferometry Panel

The Planetary System Science Working Group (PSSWG) was formed by G. Briggs (NASA SL) in
early 1988 to investigate means of detecting and characterizing extra-solar planetary systems. The PSSWG,
under the chairmanship of B. Burke (MIT), expanded its role to include studies of the nature of planetary
systems and the relation between their formation and formation of stars. This scope includes the physics of
pre-planetary nebulae and circumstellar envelopes, and is closely related to the domain of the newly formed
?origins” program.

In addressing scientific goals, PSSWG has concluded that the determination of the prevalence and
natures of other planetary systems, in a broadly based study, is essential to an understanding of how such
systems form and evolve. Further, such a study would eventually show whether our own Earth is a rare
exemplar or one of myriad planets in our Galaxy that could support life. The study will require more than
one generation of interferometric instrumentation, with successive generations permitting deeper searches.
For studies of nearby stars, the stages might include (in order of challenge): Jupiter-sized planets three to
ten AU from their stars; Uranus-sized planets in the water-ice condensation zone; and Earth-sized planets
at one to two AU from their stars. At each stage, it is essential that the search ”drain the lake,” not just
provide a ”fishing expedition.”

PSSWG has considered both short-term (next ten years) and long-term (following twenty years)
strategies. In the short term, the prime objective would be the discovery of extra-solar planetary systems.
An essential characteristic of any system chosen for this task is that a negative result be scientifically valid.
As this new phase of planetary science develops, the work would aim at the preliminary characterization of
the systems discovered and the statistical study of the kinds of stars that support planetary systems. The
PSSWG has found that, considering the instruments that could be built in the short term, the principal
approach for reliable detection of extra-solar planetary systems is by means of space-based astrometry. In
particular, the goal of detecting a Uranus-sized planet having a radial separation of five AU appears to
be beyond the range of ground-based techniques. However, with space-based instrumentation, it would be
possible to achieve orders of magnitude improvement over the present ground-based astrometric accuracy of
a few mas. Thus, this critical test is within reach and should be performed. The groundwork should also be
prepared for developing more advanced interferometric systems that can carry out the in-depth planetary
systems studies that will develop in the following decades.
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Introduction and Executive Summary

Barely 25 years have elapsed since the first space-borne observations of high energy phenomena in the
Universe. In that time interval, an astonishing amount of progress has been made. At the beginning of the
era, we had only brief, indirect glimpses of sites of violent astrophysical activity, e.g., cosmic rays, or optical
observations of supernovae and radio galaxies, and virtually no understanding of the underlying physical
processes. Now high energy astrophysics is a fully established discipline: both our catalogs of observations
and the maturity of our theoretical interpretations of these data are fully comparable to those in most other
areas of astrophysics.

Despite these encouraging beginnings, the discipline of high energy astrophysics has weathered a 10 year
hiatus in flight opportunities, a hiatus that has drastically slowed the rapid progress of scientific discoveries of
the 1970s, and that has had a chilling effect on the entry of young researchers into the field. During this time,
the main centers of activity in high energy astrophysics have shifted to Europe and Japan. Nevertheless,
the discipline has remained intact in the US, and workers are eager and ready to take full advantage of the
remarkable opportunities of the 1990s to regain this lost ground.

It is a safe prediction that the decade of the 1990s will see an amount of forward progress equal to that of
the entire past 25-year history of our discipline. Although some of this stimulus will come from areas common
to many fields of astronomy, e.g., the explosive increase in available computing power, a dominant source of
progress will be NASA’s Great Observatories. The Gamma Ray Observatory (GRO) and the Advanced X-ray
Astrophysics Facility (AXAF) will each represent jumps of orders of magnitude in observational sensitivity
over past experiments, and inject not only large amounts of new data on high energy phenomena, but also
tremendous intellectual challenges in interpretation of these data. Correlative observations from the Hubble
Space Telescope (HST) and eventually the Space Infrared Telescope Facility (SIRTF) can only make these
problems more interesting and exciting.

It is impossible to forget, however, that both AXAF and GRO were recommended in the Field report:
in effect, they are the long delayed program of the 1980s. There is no doubt that they will revolutionize
the field, but they alone do not constitute a complete program. First, there are scientific areas of major
importance that are not addressed by these missions. Second, like all disciplines, high energy astrophysics
needs a mix of small, medium and large programs to provide vitality and scientific flexibility. Third, we
must begin now to plan for the the first decade of the next millenium - if nothing else, surely the past ten
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years have taught us that.

In addition to AXAF and GRO, there are several less ambitious missions now approved or under study.
The only approved moderate mission is the X-ray Timing Ezplorer (XTE). We have identified two further
moderate missions that address science of the highest priority, both of which should be started and launched
in this decade. Also approved are a variety of much smaller opportunities on foreign missions. These are of
great importance to US investigators, and provide a particularly cost-effective way of doing science. Such
collaborations must be encouraged and expanded during the 1990s. Several other American payloads now
under study include exciting prototypes of a new class of small, inexpensive mission. We have identified a
surprisingly large number of important problems in high energy astrophysics which can be addressed by such
small missions in the coming decade.

A complete program also requires development of the technology and infrastructure to pave the way for
the new discoveries of the 21st century. Therefore, we discuss a program of technology and instrumentation
development to prepare for the next generation of X-ray and y-ray astronomy missions. Lastly, we discuss
certain programmatic issues and stress the need for continued support of the research base of the discipline
through funding of theory, research, and analysis programs.

In summary, our vision of a vigorous program for high energy astrophysics in the next decade includes

o Launch and extended flight operations of AXAF and GRO, and wide community involvement in their

observing programs

e At least two new Explorer-class missions in addition to XTE, to address particularly exciting
opportunities in X- and y-ray astronomy
Exploitation of smaller, less expensive space missions for important specialized problems
An ambitious program of technology development in optics, detectors, and related hardware
Changes in selected programmatic approaches that affect the research base in our field
This program can in the coming decade challenge scientific issues as diverse as stellar chromospheres,
relativistic stars, the intergalactic medium, dark matter, the energetics of active galactic nuclei, and the large
scale structure of the Universe. Observations of high energy phenomena from space will be fundamental to
the astrophysics of the 1990s.

Important Scientific Problems for High Energy Astrophysics

Stellar Activity

One of the most important discoveries by the Einstein Observatory was that normal stars of nearly
all spectral types are unexpectedly strong X-ray emitters. The mechanisms that produce these X-rays are
poorly understood and indicate fundamental problems in present theories of stellar evolution, the interiors
problems are unique to high energy astrophysics. Future X-ray missions will provide valuable classification
data, and spectroscopy will bring the power of plasma diagnostics that has been so fruitful in solar studies.
Further observations that combine high sensitivity with spectroscopy and broad field imaging are necessary
to provide sufficient X-ray data to correlate observables with stellar properties such as spectral type, rotation
rates, optical luminosity, age and multiplicity, and to monitor variability and study activity cycles.

The Intersiellar Medium In Our OQuwn and Other Galazies

As the repository of material from which stars form and to which they return nucleosynthetically-
enriched material at the end of their lives, the interstellar medium (ISM) plays a dominant role in governing
the evolution of galaxies. Over the past 15 years we have come to recognize the ISM as a violent,
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dynamic environment whose structure is determined by the mechanical energy ejected from stellar winds
and supernovae and whose energy density is divided roughly equally among several components with a large
scale magnetic field, high energy cosmic rays and turbulent motion of massive clouds each containing as
much as energy as the light generated by the Galaxy’s hundred billion stars.

We have discovered several distinct phases of interstellar matter with temperatures varying between
10 K in the cores of molecular clouds to >10% K in a coronal component which is dominant in the solar
neighborhood, but we do not know the distribution of matter among these various phases and have no
self-consistent global model for the medium’s evolution. Likewise, we have only the most rudimentary
understanding of the variations of interstellar environments in different galaxy types and of the interaction
of interstellar gas with the intergalactic environment.

With our recognition over the past decade of the central role of hot coronal gas and our ability to map
this component in the nearest external galaxies, along with the discovery of diffuse positron annihilation
and 26Al lines, it has become clear that high energy astrophysics has a central role to play in unravelling
the structure and charting the evolution of the ISM. The coming decade will see dramatic progress. New
soft X-ray spectroscopic experiments will determine the temperature structure and chemical composition of
the local hot gas, while sensitive X-ray imaging will allow us for the first time to study this component in
a range of galaxy types and orientations, to elucidate the role it plays in governing galaxy evolution. For
the first time we will gather a complete census of the hot cavities created in the ISM by recent supernovae
(both in our Galaxy and in other Local Group members). GRO and other y-ray missions will open new
windows on the ISM, mapping the cosmic ray distribution through their interaction with molecular clouds,
and providing a global picture of recent element creation by charting the distribution of radioactive 25Al.

A y-ray spectroscopy mission could provide a completely new dynamical tracer of the Galaxy through
observation of the positron annihilation line. Over 10%3 positrons, resulting mostly from the decay of
radionuclei produced in processes of nucleosynthesis, annihilate in the interstellar medium per second. The
shape of the 511 keV annihilation line, observable with high resolution y-ray spectrometers, can differentiate
between annihilation in cold cloud cores and warmer interstellar gas. In the cold cores the line is broader
because positrons form positronium in flight, which annihilates while still moving with relatively high
velocity. Since positrons could be prevented by magnetic fields from penetrating into cold cloud cores,
unique information on magnetic fields can be obtained by mapping the galaxy in annihilation radiation.

Supernovae and Endpoints of Stellar Evolution

The study of compact objects and supernovae is fundamental to astrophysics, being essential to the
understanding of the life-cycle of massive stellar systems. Compact objects are the degenerate end-points of
stellar evolution, and include white dwarfs, neutron stars, and stellar-mass black holes. Supernovae are the
most visible and violent manifestation of the death of stars, and include both the gravitational collapse of

massive stars and the nuclear detonation of white dwarf stars.
The bolometric luminosity of both Type I and Type II events is powered largely by the input of

energy from positrons and #y-rays resulting from the decay of radioactive elements. Thus, X-ray and vy-ray
observations can provide unique information on some of the most basic questions related to the understanding
of supernovae: How much and what type of explosive nucleosynthesis occurs in Type I and Type II events?
What is the mechanism for the explosion? What are the key characteristics of the explosion, for instance,
total energetics and mass ejection? What was the nature of the progenitor system? That is, what was the
mass, composition, and structure of the progenitor, and was it in a binary system?

SN 1987A has surely left behind a relativistic remnant. X- and y-ray observations over the next decade
will play a fundamental role in identifying and studying this unique object, the youngest collapsed star
known.
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Because production of high-energy particles (and therefore X-rays and y-rays) is common in the vicinity
of compact objects, either via accretion processes, or acceleration in strong magnetic fields, the study of
X-ray and y-ray emission addresses numerous fundamental questions, including: What is the inventory of
compact objects in the Galaxy? That is, what is the number density and age distribution of white dwarf,
neutron star, and black hole systems? What are the masses of compact objects? What magnetic fields are
characteristic for compact objects and what is the time-evolution of these fields? How do systems involving
compact objects evolve, in particular, interacting binary systems and globular cluster systems? What is the
basic physics of accretion disks?

Nucleosynthesis

Second only in intrinsic interest to the origin and structure of the Universe itself, the origin and evolution
of the chemical elements has long been a central theme in astronomy. It is now generally agreed that the
elements other than hydrogen and helium, which come from the Big Bang, are byproducts of stellar evolution.
The 1990s will witness the continued development of the theory and measurement of nucleosynthesis as
a quantitative science. The key observational tool is emission-line spectroscopy. Gamma-ray lines from
supernovae give direct evidence of newly synthesized elements, from which the yields of supernovae of various
masses and types can be deduced. Examples of the problems amenable to study with the technology of the
1990s are y-ray lines from 3%Co (the progenitor of iron) made in Type Ia supernovae; 26 Al, made, at least
partly, in type II supernovae; and possibly 22Na made in novae and %Ti in young supernova remnants,
including perhaps SN 1987A. In addition to information on abundance, the profiles of v-ray lines can reveal
the mechanism, velocity distribution, mixing, and asymmetry of supernova explosion. High resolution X-ray
spectroscopy of young supernova remnants can yield the abundances of the ejecta of all types of supernovae,
providing information on the enrichment of all the material returned to the interstellar medium. Spatially
resolved X-ray spectroscopy will show the degree of spatial segregation of the ejecta, for comparison with
models of stellar evolution and of supernova mixing processes.

Relativistic Plasmas and Matter Under Eztreme Conditions

A relativistic plasma is matter dominated by et — e~ pairs. Such a plasma is thought to be present
around compact objects when the emission, consisting of radiation above the pair production threshold
(511 keV), is large and the size of the emitting region is small. In this case the vy opacity is large enough
to lead to copious pair production. The hallmark of pair production is pair annihilation leading to 511 keV
line emission. There is evidence for such emission from a compact object at or near the Galactic Center and
possibly also from Cygnus X-1. Relativistic plasmas are also expected near the massive black holes that are
thought to power AGNs. Our own Galactic Center may prove to be the Rosetta Stone of the physics of
AGNs, with high resolution y-ray observations playing a decisive role.

Degenerate dwarfs and neutron stars provide relatively nearby cosmic sites where the properties of matter
under extreme conditions can be studied. For example, neutron stars commonly have surface magnetic field
strengths ~ 1012 G, 10° times stronger than the strongest magnetic fields that have been produced on Earth.
They have central densities ~ 101 — 10’5 gm cm~3, equal to or exceeding the densities of atomic nuclei, and
produce radiation fluxes ~ 10?8 erg cm~2, ~ 10!7 times the radiation flux at the surface of the Sun. The
proton fluid in neutron stars is thought to be the highest temperature superconductor in the Universe, with
a critical temperature ~ 10° K.

Despite the impressive progress in understanding these objects that has been made during the past two
decades, many fundamental questions remain unanswered. How are neutron stars formed? What is at the
center of a neutron star? How hot are they, and how rapidly do they spin when they are formed? What
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are the most important processes that cool them? What are their life histories? What are the electrical,
thermal, and magnetic properties of the incredibly dense neutron and proton fluids in their interiors? Where
do neutron star magnetic fields come from? How do they survive?

Study of the relativistic pair plasmas that are thought to surround some black holes will require space-
based instruments that can measure the radiation they emit over the energy range from about 10 keV to
several MeV. One of the most intriguing aspects of neutron stars and black holes is that their properties
can change within a microsecond, or perhaps even less. Thus, X- and y-ray photometric and spectroscopic
instruments with high time resolution will be required to advance our understanding of these objects. Space-
based instruments that can observe targets uninterrupted for hours or days, and revisit targets frequently,
will also be important.

Nature of v-Bursts

The 1990s may well be the decade when one of the longest-standing mysteries in high energy astrophysics
is solved — the nature of the mysterious cosmic vy-ray bursts. Flashes of y-radiation that appear suddenly in
unpredictable locations, y-ray bursts may last from less than a tenth of a second to several minutes and then
disappear, usually forever. Though over 400 bursts have been recorded, none has been unambiguously
identified with any persistent source at any wavelength. Most theorists believe that these events are
associated with magnetic neutron stars in our Galaxy (which would make them the only detectable signal
from a very large number of neutron stars), but debate continues as to the roles of accretion, thermonuclear
explosion, starquake, and other more exotic sources of energy. If in our galaxy, the luminosity of a typical
~v-ray burst, coming from a region only 10 km in radius, is 10° times that of the Sun. Some theorists believe,
however, that 7-ray bursts are at cosmic distances, more than 200 Mpc to display the observed isotropy, in
which case the energy release is more like that of a supernova. The 1990s are a time when major progress
is expected toward solving this problem, because GRO will determine the source distribution (to 1° for
each burst observed) with sufficient accuracy to prove or disprove an association with our own Galaxy. The
High Energy Transieni Ezperiment, which will view y-ray bursts in several wavebands (y-ray, X-ray, and
perhaps, ultraviolet), will pin down the burst sites even more accurately, hopefully restrictive enough that
larger instruments can be brought to bear to isolate the quiescent counterpart. Interesting constraints on the
source and physics of y-ray bursts will also be given by studies of their spectra, time history, and frequency.

Identification of Black Holes

Stellar mass black holes are inferred to exist in a few X-ray binary systems in our Galaxy. However, no
totally convincing proof of the existence of black holes, or method of unambiguously differentiating them from
neutron stars, is available. Progress thus far has been made primarily through a combination of soft X-ray
observations, and optical observations of the source counterparts. The hard X-ray signatures of accreting
black hole binary systems may provide important future constraints on the mass and radius of the compact
star. Hard X-ray continuum spectra can measure apparent temperatures and thus constrain M/R. Positron
and iron line features, expected to be broadened if from near the hole, can measure velocities, and thus
central mass. Timing measurements can constrain minimum hole size and thus mass.

A key to unlocking this fundamental problem is a detection capability over a very broad hard X-ray
band, with very high sensitivity, at least modest spectral resolution, and possibly polarimetric capability.
With high angular resolution as well, studies of black holes can be extended from our Galaxy to nearby
galaxies, and the unknown total number of black holes in galaxies then investigated for the first time.
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Active Nuclei, Including Our Own

The most energetic objects known in the Universe are the nuclei of active galaxies (AGNs). Their
luminosities are observed to exceed by a large fraction the integrated stellar luminosity of all 10! stars
in a normal galaxy, yet observations strongly suggest that this energy is generated in a volume of radius
<102 AU. Chiefly by a process of elimination, accretion onto massive black holes is most often invoked as

the energy source, with masses of 10% — 10° My normally assumed. Precisely how this process might work
is unknown, and remains a central mystery in astrophysics, to be addressed in the next decade.

High energy observations in X- and y-rays have a unique role to play in the understanding of the
physics of AGN, because much of the energy radiated from the sources is at these wavelengths. Also, the
great penetrating power of these photons allows us to study processes occurring close to the central object.
The expectation of much of the community is that some unique fingerprint of massive black hole activity
may emerge from high energy observations, allowing us to firmly establish their presence and ultimately
understand the details of the accretion process.

The overall photon spectrum from a significant sample of these objects has yet to be measured,
particularly at higher energies. High quality spectra may reveal the presence of et annihilation features,
or other gravitationally redshifted emission lines which will provide diagnostics of the potential well of the
collapsed object; accurate continuum spectra may constrain the detailed physical processes at work. Many
workers believe that more than one mechanism is involved, and that characteristic spectral breaks or kinks
will become evident. Indeed, it is likely that different parts of the central region of AGNs are being studied
at different wavelengths.

A study of the time variability and total luminosity of a large sample of AGNs is also crucial in
constraining the size scale and energetics of the central object.

In recent years, a growing number of workers have come to believe that some small, quiescent version
of an active nucleus might commonly reside at the center of ordinary galaxies, including our own, largely
unnoticed because of its low luminosity. Tantalizing but not yet conclusive evidence that the center of our
own Galaxy might harbor a black hole has been produced by infrared and radio observations, and the issue
remains controversial. It is interesting to note that for 20 years, y-ray astronomers have reported an intense
and variable source of antiparticles somewhere near our own galactic center. A concerted effort to precisely
position this source is now underway, and it may well be that our own galactic center will play a key role in
our eventual understanding of AGN.

Accretion Phystcs

Within the past ten years, accretion onto compact objects has come to be recognized as one of the
most important energy generation mechanisms in the Universe. The process is ubiquitous and operates on
many different astronomical scales. Within our own Galaxy, accretion fuels the most powerful high energy
stellar sources, the X-ray binary systems. As noted above, on a much larger scale, accretion onto massive
black holes is believed to provide the energy source for nearly all varieties of active galactic nuclei, the most
intrinsically luminous cosmic sources currently known.

In view of the importance of this process, understanding the physics of accretion has become one of
the greater challenges for modern astrophysics. Despite over two decades of intense effort, however, a
number of fundamental uncertainties still remain: (a) How are accretion disks formed? (b) What process is
responsible for the dissipation of angular momentum in disks? (c) Is accretion unstable? If so, how and in
what parameter regimes? (d) What accounts for the extreme phenomenological diversity of known accreting
sources? (¢) What happens at the disk boundary layer with the compact object? (f) How does the accreting
flow interact with the intense magnetic fields of neutron stars and white dwarfs? (g) What happens when
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the mass accretion rate exceeds the Eddington limit? (h) Can disks form and collimate jets around compact
objects? (i) What is the role of internal fields in accreting flows?

High energy observations will play a crucial role in answering many of these questions. Since most of
the energy release for accreting sources is in the X- and v-ray regions of the spectrum, observations at these
wavelengths provide the most direct and unambiguous signature of the accretion process. For example:

e X-ray timing observations on all timescales ranging from psecs to years provide detailed information on
instabilities in the accreting flow. For the galactic sources, improved phase coverage for binary systems
will determine the geometric structure of accretion disks.

o Moderate-to-high resolution X-ray spectroscopic observations provide extremely detailed information on
the interaction of the intense radiation with the circumsource environment. This in turn yields direct
constraints of the physical structure of the accreting matter, including the density, temperature, and
jonization dependences on position with respect to the central source. Elemental abundances can also
be determined in this way.

o Improved hard X-ray spectroscopy yields detections of cyclotron absorption and emission features
originating in the magnetospheres of accreting neutron stars. The rotational phase dependence of
these features and of the continuum leads to determinations of how the accreting material penetrates
the magnetosphere.

e v-ray spectroscopy should provide the first detections of electron-positron annihilation features for most
accreting sources. Many recent models suggests that the formation of et e~ pairs may be a crucial
“regulating” process in the most energetic regions of the accreting flow. New y-ray observations can

test and constrain such models.
e X-ray polarimetric measurements would provide direct and unambiguous constraints on the geometry

and structure of neutron star magnetospheres. Polarization measurements can also constrain the
orientations of accretion disks with respect to our line-of-sight. These can be compared with the
orientations of “jets” associated with the source to provide constraints on jet-formation models.

Large-Scale Structure

Study of clusters of galaxies at large redshifts is potentially one of the most interesting contributions
of X-ray astronomy to cosmological studies. The sensitivity of X-ray surveys can be such as to permit
identification and study of clusters at much larger distance than is possible in visible light. The X-ray
luminosity of a cluster is a function of its mass, the amplitude of the density fluctuations at the epoch of
formation, and its chemical and dynamical evolution. Study of large samples at different redshifts is required
to disentangle these effects.

Study of the X-ray spectrum directly yields the redshift, due to the prominent iron emission lines, and
the temperature, from the continuum shape. The virial mass can be derived from temperature and surface
brightness distribution. Correlation of cluster distributions over contiguous large area of the sky (10° x 10°)
can reveal the presence of very large structures at remote epochs, and elucidate the process of their formation
and evolution. Deep surveys with wide field optics will be required to supplement the AXAF capabilities for
this type of scientific investigation.

Intracluster Medium

The discovery and study of an intergalactic medium in galaxy clusters was a major triumph of X-ray
astronomy in the 1970s and early 1980s: This diffuse, hot gas (typically 10-3 atoms cm™~3 at 10® K) contains
as much or more matter than all the stars in all the galaxies in the cluster, and yet it reveals direct evidence
of its presence and its properties only in the X-ray band. Past investigations show that the morphology
of the gas in several dozen clusters takes various forms and that the chemical enrichment of a handful of
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systems is roughly half the the solar value. In some galaxy clusters or groups the gas is seen to be cooling and
presumably condensing into stars at rates as high as 1000 Mg yr='. In the 1990s, the study of the spatially
extended and emission line rich thermal X-rays of the intracluster medium (ICM) through both imaging and
spectroscopy, will make major contributions to our understanding of the structure and evolution of galaxies
and clusters. One example is the use of X-ray studies to map the gravitational potential in systems ranging
from well relaxed older clusters to multiple and merging subclusters (see also Dark Maller, below). Another
is the mapping of ICM distribution and composition with redshift to trace the evolution of cluster potentials
over cosmological timescales and to record the history of global nucleosynthesis and the ejection of stellar
material from the member galaxies. Studies of cooling flows show a process of galaxy formation similar to
that which must have occurred in the early Universe. And information on the properties of the ICM can be
combined with radio observations of its effect on cosmic microwave radiation to give an independent measure
of the Hubble constant (via the Sunyaev-Zeldovich effect).

Nature of Dark Matter

The existence of dark matter in many and probably all galaxies and galaxy clusters is now well
established. It is highly popular but more speculative to conclude that this unseen matter constitutes
90-99% of the stuff of the Universe. However, the distribution of dark matter is poorly known and its
nature is a total mystery; elucidation of these properties is a central problem of contemporary astronomy
and astrophysics.

Pioneering studies with the Einstein Observatory demonstrate that X-ray observations can make a
unique and important contribution to this question. The reason is that observations of hot gas in many
galaxies and in most or all clusters and groups of galaxies traces the gravitational potential of the dark
matter with a precision that far exceeds that of any other method. What are needed are high quality X-ray
images and spatially resolved spectra from which one can deduce the distribution of gas pressure and hence,
the gravitational pull that opposes it. In clusters the possible role of gas turbulence can also be discerned
by X-ray spectra of sufficient resolution. In the 1990s X-ray studies can therefore provide for the first time
detailed mapping of the dark matter in many parts of the Universe. Furthermore, these maps could help
reveal the nature of the matter as well, because its distribution gives clues about the masses of its constituent
particles and how strongly the particles interact with one another (dissipational versus dissipationless).

The X- and y-ray Background

Almost 30 years ago, X-ray detectors on board a spinning rocket discovered both the brightest non-solar
X-ray source, and an apparently diffuse X-ray background (CXRB). The source was ultimately demonstrated
to be associated with a low-mass stellar binary system containing a neutron star; to date, the CXRB has
defied unambiguous identification. Its spectrum mimics that of a 40 keV optically thin plasma, which is
problematic for the determination of its origin in at least three respects:

1. A truly diffuse 40 keV origin is theoretically awkward;

2. No candidate populations of sources (including AGN, some type of which is still the odds-on favorite)
seem to exhibit spectra that are as hard;

3. The only sensitive searches for CXRB point-source candidates have bee n made at energies near 1 keV,
well below the energy at which the CXRB has its maximum energy density (this energy density is second
only to that of the 3 K microwave background, at a level about two orders of magnitude lower).
Clearly, any experimental effort to identify the origin of the CXRB must be able to measure similar

spectra from candidate sources near the energies at which their outputs peak. Another “bump” in the
isotropic cosmic radiation spectrum may exist near 1 MeV, presenting an analogous identification problem
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in the y-ray region that may be confirmed, but not solved, with the data available from GRO.

There is also a diffuse y-radiation whose origin is unknown. Theoretical models for this emission
included: redshifted 7° decay v-rays from matter-antimatter annihilation in the early Universe, Compton
scattering of relativistic intergalactic electrons by the 3 K background radiation, and the superposition of
emission from many unresolved active galactic nuclei. Some tontribution from the latter is certainly present,
but their contribution cannot be reliably determined until a larger number of active galactic nuclei have been
studied in the y-ray regime. A careful study of the uniformity and energy spectrum should also provide a
major step towards determining which theoretical model accounts for most of the diffuse radiation.

The Existing Experimental Program
Advanced X-Ray Astrophysics Facility (AXAF)

Our panel unanimously endorses the paramount scientific importance and necessity of AXAF, which
must be completed and launched in this decade.

The capabilities of the Advanced X-Ray Astrophysics Facility (AXAF) will address the major outstanding
astronomical and astrophysical problems discussed above to an astonishing degree. The AXAF is a
remarkable and unique scientific endeavor and is the centerpiece of the X-ray astronomy program presented
here. The ultimate fate of the Universe could be inferred from accurate AXAF measurements of the rate
of expansion (the Hubble constant) and the change in rate (the deceleration parameter). The existence of
exotic particles predicted by supersymmetric theories might be confirmed (or ruled out!) by observing their
effects on the hot, X-ray emitting gas found in both galaxies and clusters of galaxies. The equation of state
of bulk matter at nuclear densities, totally inaccessible to experiments on Earth, can be tested by studying

the X-radiation from neutron stars.
These are but a few examples of what may be accomplished with AXAF, one of the Great Observatories

which also include the Hubble Space Telescope, the Gamma Ray Observatory and the Space Infrared Telescope
Facility. Operating in concert, and complementing each other in their respective wavelength capabilities, the
Great Observatories should place mankind in a unique and historical position to understand the Universe.

Plans are now advancing for an AXAF Science Center (ASC) to act as the scientific interface between the
AXAF project and the community. Experience with institutional arrangements for previous large programs
has shown that establishing such a center at the earliest possible opportunity in the lifetime of a project not
only ensures that the scientific objectives are met and maximizes the scientific return of the program, but
may also provide significant opportunities for minimizing the run-out costs of the entire undertaking. We
therefore urge that the ASC be placed in operation at the earliest possible opportunity.

Gamma Ray Observatory (GRO)

The Gamma Ray Observatory (GRO), scheduled for launch in late 1990, is a major new mission for y-ray
astronomy, covering six decades of energy, from 30 keV to 30 GeV, with a suite of four instruments. The range
of astrophysics objectives targeted by GRO is extremely diverse, and includes high-energy phenomena in the
vicinity of neutron stars and stellar-mass black holes, such as accretion processes, pair-plasmas, magnetic
fields, and particle acceleration; determination of the origin of y-ray bursts; the energetics and emission
mechanisms of AGN; nucleosynthesis in massive stars, novae, and supernovae; energetic particle interactions
in molecular clouds and the ISM; y-ray line and continuum emission from solar flares; and the diffuse cosmic
v-ray background.

It is essential for the scientific success of GRO and for the future health y-ray astronomy that this mission,
as part of the Great Observatory program, enjoy widespread participation from the astronomical community.
To this end, a particularly strong GRO Guest Investigator Program must be encouraged, supported by the
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GRO Science Support Center and the four Principal Investigator instrument teams. NASA must ensure
that the requisite resources are in place to support broad use of GRO by the astronomical community from
the start of the mission through its completion. Access to both high-level and low-level data products
on a reasonable time scale will be essential for Guest Investigators, as will be the availability of suitable
documentation and calibration data sets. Support for correlative and theoretical studies related to the GRO
mission science is also necessary to obtain the maximum scientific benefit from the mission. GRO may well
be capable of an extended mission significantly beyond the baseline duration; continued support for such
operations is essential.

XTE

The X-Ray Timing Ezplorer (XTE) is an important mission, having unique capabilities for moderate
resolution spectroscopy and photometry over the entire energy range from 1 keV to 100 keV, with microsecond
time resolution. It will substantially advance our understanding of the physics of accretion flows, the
properties of relativistic plasmas and matter under extreme conditions, and the central engines of active
galactic nuclei. The XTE program has been started, and should be completed in a timely fashion.

There are good scientific reasons to expect that a full understanding of processes occurring near the
event horizons of black holes and the surfaces of neutron stars will require instruments with even better
sensitivity and higher time resolution than XTE. Data collected with XTE will help to guide the planning
of missions carrying such instruments.

HETE

The High Energy Transient Ezperiment (HETE) is a mission currently scheduled for launch in 1994 as
a “Gas Can” by shuttle. It is composed of three instruments offering continuous, nearly full hemisphere
coverage in the ultraviolet (4 eV to 7 eV), X-ray (2-25 kev), and y-ray (6 kev — several MeV, provided by
the French). The total weight of the experiment and free-flying spacecraft is ~100 kg, and the estimated
cost is $13 M. The chief scientific goal is the panchromatic detection and monitoring of y-ray bursts and
bright X-ray bursts, with an eye towards obtaining accurate source locations for the former. The angular
position accuracy is 6/ in X-rays and 3" in UV, sufficient to offer good prospects for optical and/or radio
identifications.

American Participalion in Foreign Missions

There are several currently approved opportunities for US participation in foreign missions. In many
ways, these are the low-cost, “small” Explorers of the 1990s, and this is a definite benefit of this type of
collaboration. On the other hand, such activities cannot take the place of US-lead missions for maintenance
of our technology base and personnel expertise, and data return to American investigators is often very

limited.
NASA participation in the recently-launched German ROSAT mission will provide unique opportunities

for imaging X-ray sources that have not been available to US astronomers since the end of the Einstein
Observatory in 1981. The five-fold oversubscription to the first proposal solicitation for ROSAT, and the
wide scope of scientific questions addressed in the first round of selected proposals, has demonstrated the
value this mission will have in complementing the US program. The all-sky, high spatial resolution survey
to be made by ROSAT should provide a unique resource for a variety of future investigations.

ASTRO-D is a cooperative program between Japan and the USA, scheduled for launch in February
1993 on board a Japanese-furnished satellite launched by a Japanese-furnished launch vehicle. It contains
four BBXRT-type foil telescopes with a total geometric area that exceeds that of AXAF (and is some four
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times greater at 7 keV). Two of these telescopes have GSPCs furnished by the Japanese at their foci, while
the other two have X-ray sensitive CCDs furnished by the USA. The mission has great generality, devoted to
pointed observations of X-ray sources with all four imaging spectrometers coaligned; the angular resolution
of the telescopes is ~ 2' FWHM, which is constant over the entire 30’ FOV, with energy resolution ~ 100—
200 eV over the range 0.1-12 keV. After an initial proprietary season of about nine months for the PI teams,
US guest investigators will be entitled to 15% exclusive use of the facility, and another 25% in collaboration
with Japanese investigators.

Spectrum X-Gamma is a Soviet mission with extensive European, and some American, participation,
due for launch in 1993. As presently configured, it will carry several large X-ray telescopes and an array
of complementary instrumentation. US groups are supplying hardware in support of an X-ray polarimetry
experiment and an X-ray all sky monitor. The mission offers American investigators a chance to conduct
some significant high sensitivity X-ray observations well in advance of AXAF. In addition, the US hardware
participation on Spectrum X-Gamma provides an important precedent for increased cooperation in this field
between the world’s two major space powers.

The X-ray Multi-Mirror Mission (XMM) is a “facility-class” X-ray observatory under development
by the European Space Agency for launch near the end of the 1990s. XMM is a “high-throughput” X-ray
spectroscopy mission which provides a very significant complementary capability to that provided by AXAF.
The scientific instruments selected for XMM involve substantial US hardware participation. This will ensure
access to this facility for US Guest Observers, and, therefore, provides an extremely cost-effective way for
Americans to conduct important X-ray astronomical observations.

We strongly endorse the US participation in these projects, and encourage the inclusion of an
International Programs line item in the NASA budget to regularize the funding of such efforts.

Attached Shuttle and Space Station Freedom Payloads

The Diffuse X-ray Spectrometer (DXS) is a relatively simple, low-cost attached-Shuttle experiment which
will directly address an important and poorly explored question: the physics of the low-energy component
of the diffuse X-ray background. An understanding of the physical conditions in the hot component of the
ISM responsible for this emission will impact many areas of astrophysics.

The Shuttle mission ASTRO with its X-ray spectroscopy component Broad Band X-ray Telescope
(BBXRT) offers an important and uniquely new capability to high energy astrophysics. Reflight of this
payload involving guest observer participation would be highly desirable in the early years of the decade,
but should probably not be pursued beyond mid-1993 when the free-flying ASTRO-D will begin to provide
an enhanced capability for moderate resolution spectroscopy and imaging in the 1-10 keV band.

The X-ray Background Survey Spectrometer (XBSS) is an attached Space Station Freedom payload
which will greatly complement and expand DXS results by determining the spectrum of the soft diffuse X-ray
background over 100% of the celestial sphere (as well as with increased resolution and superior wavelength
coverage than DXS). This experiment is particularly well-matched to the Space Station, and should provide
results fundamental to our understanding of the ISM.

A second Station payload is the Large Area Modular Array of Reflectors (LAMAR). The high throughput
imaging and spectroscopic observations to be performed by LAMAR are of the highest scientific priority,
and the successful execution of this science requires the full effective area of the current LAMAR concept. In
addition, the possibility of using the foci of LAMAR optics modules as readily accessible test sites for novel
detectors is attractive. However, the Panel is concerned that complexities of the Space Station, and the
interface of LAMAR to the Station, may greatly delay the project and increase the cost very substantially.
Thus, we urge that alternative missions to accomplish the important LAMAR scientific goals remain under
consideration, and that particularly close attention be paid to LAMAR cost and schedule, to retain the
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Sensitivity Estimates
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FIGURE 1 Sensitivity of selected X- and “-ray astronomy missions for typical 10% s observations. EXOSS is an example of a concept

for a future ~1 m? collecting area hard X-ray imaging experiment.

possibility of switching to a high throughput concept unconnected to the Station, should this become
necessary to accomplish the science in a timely and economic manner.

Major Missions for the 1990s

The highest priority major programs in high energy astrophysics from space are the rapid completion
and flight of the Advanced X-ray Astrophysics Facility, together with integration of the AXAF Science Center
into the worldwide astronomical community as a smoothly functioning entity; and the successful flight and
reduction of data from the Gamma Ray Observaiory. We cite these highest priority items succinctly simply
because the case is so clear-cut. Figure 1 compares the sensitivity of selected instruments on these two
missions with past experiments. These two components of NASA’s Great Observatory program will without
question transform our field, and shape the course of research in this area for one or more future decades.
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We can already be virtually certain that technology development will raise attractive possibilities for
second generation AXAF instruments, probably on the timescale of the years 2000-2005. These developments
may permit use of AXAF in certain exciting scientific areas not currently addressed by the payload, e.g.,
polarimetry, and also greatly expand the capabilities of the Observatory in imaging and spectroscopy.

It is also already clear that beyond the year 2000, there will be a requirement for at least one major
new mission in both the X- and y-ray regimes. We can make this statement with confidence even before the
flights of AXAF and GRO, because examples of the sources to be studied, and thus their fluxes, are already
known, and basic physical questions already evident define certain instrumental parameters. For example,
numerous QSOs are known from Einstein Observatory observations to have fluxes of 10713 ergs cm=2s~! in
the soft X-ray band. If we are to study the X-ray spectra of these objects with sophistication comparable to
the optical spectroscopy done routinely today, and address such fundamental issues as emission line profiles,
we will require spectral resolution E/AE ~ 1000. Such resolution at these flux levels will require X-ray

optics with > 2m? collecting area, far beyond the capabilities of AXAF. Technology development, described
in more detail later in this report, will be required in several areas of optics and detectors for projects such

as these.
Similarly, clear instrumental improvements are needed in the y-ray regime. GRO instruments all have

a basic angular resolution of one to a few degrees. While this may be sufficient, for example, for currently
achievable sensitivities of 10~7 photons cm=2 5! keV~! at 1 MeV, with the order-of-magnitude improvement
in sensitivity expected for post-GRO instruments, angular resolution of considerably better than 1° is needed
to avoid severe source confusion. Similarly, while 1° resolution is sufficient for determining the spectra of
bright y-ray emitting objects, detection and identification of fainter objects will require arc minute resolution
or better. Order-of-magnitude improvements in both sensitivity and angular resolution are expected given
technology development in areas such as position-sensitive detectors and large-scale structures.

What is as yet unclear is precisely which technologies will prove most successful and cost effective, and
their timescales for flight readiness for these very large missions or new instruments. It is thus premature to
define such missions in detail at this point. Instead, we recommend a vigorous, major technology development
program in certain key areas discussed later in this report.

A New Program of Moderate Missions

Highest Priority

Our panel believes strongly that specific moderate/Explorer missions should be selected competitively
through the established peer review process. We have identified two particularly important scientific problems
which can be well addressed by moderate class missions in the coming decade. These areas, which we regard
of equal priority, are hard X-ray imaging and v-ray spectroscopy.

Hard X-ray Imaging A serious programmatic gap is developing in American high energy astrophysics
in the 10-250 keV range. During the coming decade, AXAF and GRO will almost surely revolutionize our
understanding of high energy phenomena above and below these boundaries. Yet this intermediate energy
range remains poorly explored. There are indications that it may be particularly fruitful. This range is high
enough that the emission is dominated by non-thermal processes, thereby promising results quite different
from those obtained by AXAF and its predecessors; yet it is sufficiently low that the expected photon fluxes
from a large number of both galactic and extragalactic objects are respectably high, and these objects are
thereby amenable to study in great detail.

Among the key scientific objectives of a hard X-ray imaging mission are: determination of the log N-log S
relationship for hard X-ray emitting AGN out to ~ 100 keV; determination of the accretion processes and
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particle energy sources occurring in the immediate environment of the central engines of AGN; determination
of the physical parameters of accreting neutron star systems, including magnetic field strength and geometry;
study of possible signatures of accretion onto stellar-mass black holes; and study of the physics of the soft
y-ray repeaters. To study the high energy processes associated with galactic compact objects and AGN, a
mission with broad-band energy response, extending over two decades of energy, is required: from the Fe
K-shell line at low energies (~5 keV) to the positron annihilation line at high energies (2 500 keV). Such
a mission would probe a very wide range of accretion physics over a wide range of central object mass
scales. Many of the same physical emission processes expected to be operative in accretion onto stellar mass
systems are also expected to occur in massive AGN. Study of Fe K-shell emission and comptonized photon
spectra above 15 keV will constrain the physical parameters of accretion disks, while non-thermal power-law
spectra in the range 50-500 keV and pair-plasma signatures above 500 keV will help determine the key
characteristics of the physical environment in the immediate vicinity of the central compact object. In the
case of accretion onto magnetic neutron stars, phase-resolved spectroscopy of cyclotron line emission will be
critical in determining the magnetic field and plasma characteristics of the accretion column.

No high sensitivity survey of hard X-ray and soft y-ray emitting objects currently exists. Detailed
studies such as those described above should take place within the context of a proper understanding of the
classes and number densities of galactic and extragalactic hard X-ray and soft y-ray emitting objects. For
this reason, survey objectives are a critical part of a new hard X-ray mission, and absolutely require imaging
capability for the identification of objects and the elimination of source confusion. The technology of coded
aperture masks is sufficiently mature that experiments with angular resolutions of one to several arc minutes
seemn achievable. Experience with soft X-ray astronomy indicates that this is the spatial resolution threshold
where optical identifications suddenly become feasible for a large fraction of detected sources, thereby vastly
increasing our understanding of each class of source detected. Spectral resolutions of 5-10% FWHM also
seem straightforward to achieve, assuring accurate measurement of continuum slopes, and excellent data on
the cyclotron emission features expected to dominate at these wavelengths for many objects.

A hard X-ray Explorer-class imager with 1m? of effective area will be two orders of magnitude more
sensitive than the HEAO-1 A-4 experiment, the only recent sky survey, at 100 keV, and 10x more sensitive
than XTE at this energy. In a long (10° s) pointing, a 100 keV limiting sensitivity of 2 x 10=7 ph em=2? 57!
keV~! will be achieved, which will easily detect Her X-1 (or a source 10x fainter than Cygnus X-1) in the
LMC. Although Cygnus X-1 is not quite detectable in M 31, an Eddington-limited 1 Mg source would be.
For extragalactic work, this long pointing could detect 3C 273 at 100 keV at 15x its true distance. A survey
with 3 x 10% s per pointing can cover the entire galactic plane in 6 months, yielding 10® sources, or cover
the entire celestial sphere in 2 yr, yielding 103 AGN to a limiting flux of 2% of 3C 273. In all the above
cases, source confusion is never approached, and positions sufficiently accurate for optical identifications are
obtained, except at very low latitude. Figure 1 shows the sensitivity of a typical 1 m? hard X-ray imager
mission concept (EXOSS).

We strongly endorse an Explorer-class satellite to achieve these imaging and spectroscopic goals.

~v-ray Spectroscopy GRO will be exceptionally effective at mapping the sky at a variety 7-ray
wavelengths, and providing initial glimpses at spectral features in a large number of sources. It is clear
that substantially higher resolution v-ray spectroscopy, at flux levels far beneath those attainable by the
GRO instrument complement, will be the next step to build on GRO results. Sensitivity of at least
10-% ph cm~2 s~! (100x superior to HEAO C-1, and 10x superior to GRO OSSE) is needed to address
the next set of interesting problems. To measure line profiles and Doppler shifts, spectral resolution of
E/AE ~ 1000 is necessary. Both of these goals appear feasible with technology available during the coming
decade. Similarly, angular resolution of a few degrees or less will be needed, again an achievable goal.



HIGH ENERGY VI-15

Among the key scientific objectives of such a high resolution y-ray spectroscopy mission are
determination of the sites and rates of recent nucleosynthetic activity in the Galaxy; exploration of the
physics of Type I and Type II supernovae, including nucleosynthetic processes and the characteristics of the
explosion; determination of the characteristics of low energy cosmic rays and the interstellar medium; study
of the physical environment of collapsed objects, in particular the relativistic pair-plasmas; and measurement
of the magnetic fields of neutron stars, including studies of cyclotron line emission and positron production.

Maps of the Galaxy in the light of several nuclear lines (e.g., e, *4Ti, 2°Al, ?2Na, %°Fe) will identify the
nature and general sites of nucleosynthetic activity over the past 10 yr, including possibly Type I and Type II
supernovae, novae, and Wolf-Rayet stars. The rates of these processes and the mixing of nucleosynthetic
material into the interstellar medium will be measured. It is likely that several unknown supernova remnants
less than 500 years old will be discovered. The profile of the e* line will be mapped to obtain a determination
of the temperature and density phase where annihilation occurs in the interstellar medium. Nuclear lines
from the interactions of low energy cosmic rays (E<100 MeV) with the interstellar gas and dust may allow
a determination of the intensity and distribution of these cosmic rays, as well as the dust fraction and size,

and the elemental abundances in the interstellar medium.
Discrete source observations will allow a number of Type I supernovae to be studied at distances

approaching the Virgo cluster and their nucleosynthetic yield, energetics and expansion dynamics to be
determined through measurements of their *Ni and %6Co decay 7-rays. Detailed study of ef annihilation
radiation from relativistic pair-plasmas in the vicinity of AGN will determine important physical parameters
of the environment of the central engine and provide clues to its nature. The detection of nuclear lines,
if accomplished, would provide significant new information on the energetic particle environment in AGN.
Similar studies of galactic compact objects, in particular neutron stars and stellar-mass black holes, would
yield correspondingly important measurements of the plasma and energetic particle environment around
these objects. Observations of cyclotron, e* annihilation, and possibly nuclear lines can give new insights
into the nature of y-ray bursts, and the detection of gravitationally redshifted lines from the surface of
neutron stars can provide direct information on the neutron star equation of state.

A spectroscopic mission of the this class would profoundly impact virtually every problem in 7y-ray
astronomy discussed earlier in this report. Recent advances in detector and cryogenic technology imply
that a very powerful experiment of this type can still fit within the Explorer envelope; the sensitivity of
such a mission (NAE) is shown in Figure 2. Many of the relevant technologies are already under test in
balloon-borne spectrometers, although such experiments of course fall orders of magnitude short in the
desired integrated exposure times. We thus enthusiastically endorse an Explorer-class high resolution vy-ray
spectroscopy mission.

Programmatic Considerations There are moderate-mission concepts in relatively advanced design stages
for both the hard X-ray imaging and the y-ray spectroscopy missions discussed above, namely EXOSS and
NAE, respectively. These missions address the scientific goals described here, goals which our Panel strongly
supports. Other innovative technical approaches to these goals may also be possible.

Additional Mission Concepts

In X-ray astronomy, there are several additional important scientific areas which are also amenable to
Explorer-class missions. One example is high resolution (E/AE ~ 10%) spectroscopy, to obtain for the first
time data on line profiles and Doppler shifts of comparable sophistication to that of optical spectroscopy,
albeit on a relatively small number of bright sources. There is also interest in an X-ray component to a
“panchromatic” facility, which obtains simultaneous observations at UV and visible wavelengths as well.
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(106 s exposure, 30 significance) of several past/approved (HEAO-3, GRO/OSSE) missions and mission concepts (NAE).

Following the GRO mission, there will be a need for high-energy v-ray observations with sufficient sensi-
tivity and angular resolution to accurately locate sources, and to define detailed spatial features of emission
regions such as molecular clouds, Galactic arms, and nearby galaxies, as well as to measure variations of
compact sources. From a threshold of approximately 3 x 107 eV, the possibility of extending the energy
range to approach 10! eV is a desirable goal, requiring a sensitivity about five times that of the GRO high
energy -y-ray telescope. Source location approaching 1’ should be attempted, in part by detector improve-
ments and in part by greater sensitivity for the high energy y-rays whose character permits inherently better
individual angular resolution. The possibility of measuring polarization may be considered. Additional areas
of interest include the spectra of y-burst sources at very high resolution (presumably with Ge detectors),
and extrasolar applications of pinhole subarcsecond resolution imagers designed primarily for solar work.
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New Opportunities for Small Missions

Qur Panel has identified a number of exciting scientific problems that may be addressed in the next
decade via small missions. In this context, we use “small” as a cost <$30 M, a payload mass <500 kg, and
a launch vehicle smaller than a Delta. We discuss here several examples of such missions, not with the
goal of establishing scientific or schedule priorities, which we believe should be left to the Announcement of
Opportunity /peer review process, but rather to illustrate the diversity of important problems in high energy
astrophysics that are accessible by these relatively low-cost projects.

A panchromatic attack on y-ray bursts is available through HETE, the mission described previously
above. It is remarkable that for a total mass of 100 kg, including both instrumentation and platform, one
can cover the UV, X-ray, and y-ray bands simultaneously, with sensitivity and angular resolution almost
surely sufficient to make very significant, and quite possibly definitive, progress on the issue of the nature of
~-ray burst sources.

As a specific example of future possibilities, we note that recent innovations in X-ray optical design raise
the possibility of a Wide Field X-ray Telescope in this small mission category. With an estimated payload
weight of <300 kg (half of which is the optics), such a mission could survey 10® deg? in the 0.4-3 keV band,
yielding >103 clusters (to z~2) and >10* AGN to limiting fluxes of ~ 3 x 10=14 ergs cm~2 s=1. Such
an instrument, specifically optimized for surveys, could be a splendid complement to AXAF, which is not
designed for such work. As noted earlier, X-ray observations of clusters at this level of sensitivity may open
entire new avenues for research in the large scale structure of the Universe.

We have identified a number of other important scientific problems which we believe are potentially well-
suited to these small missions. Examples include application of multi-layer optics technology to produce a
wide-field soft X-ray telescope with quite small energy bandpass, but very large field of view and effective
area; very high resolution X-ray nebular spectrometers; all sky X- and y-ray monitors to routinely monitor
transients; and certain approaches to X-ray polarimetry.

We see a bright future to experimental X- and y-ray astronomy in the small mission category, and we
urge vigorous exploitation of these flight opportunities in the coming decade.

Technology Development Issues

X-ray Astronomy

A vigorous flight program in X-ray astrophysics should be accompanied by an equally vigorous program
in technology development which will enable the design and testing of new experimental tools to be
incorporated in future missions. There has been a virtual revolution in this field over the past few years
owing to the discovery of a number of promising technologies which have not previously been utilized in
X-ray astronomical instrumentation. Below we discuss developments in several key areas which are especially
deserving of further study:

Large Area Telescopes (0.1 — 10 keV) Recent discussions of scientific requirements for the next phase
of X-ray astronomical facilities have pointed to the need for large (> 2m?) collecting area with moderate-to-
high angular resolution. A reasonable goal is ~ 2 — 3, which will avoid source confusion problems and still
be adequate to resolve galaxy clusters and even galaxies at high redshift. Collecting areas should approach
10 m? at reasonable cost. The primary driver will be to achieve these parameters in the 0.1-10 keV range,

but we should also continue to explore ways to push up to 20 or 30 keV with very low graze angle mirror
arrays.
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A number of techniques have been suggested to achieve these goals. Several approaches, including the
use of thin metal foils, electroforming, epoxy replication onto thin carriers, and flat mirror plates with long
focal length, appear especially promising. All of these concepts, and quite possibly others, are deserving of
further development. Normal incidence optics may also play a role, especially if the multilayer technique can
be pushed to shorter wavelengths. Much of this effort can be accomplished via small grants to universities

and research institutions; however, some larger-scale coordination with industry may be warranted in this

area.
Focal Plane Imaging Arrays The past few years have witnessed the rise o f the CCD as the “workhorse”

imaging detector for X-ray astronomy. CCDs certainly present an attractive option for future missions
because of the combination of very high spatial resolution coupled with moderate energy resolution that
they provide. The use of CCDs for X-ray astronomy has consequently received much attention in this field,
both in the US and abroad. Nevertheless, there is much yet to be achieved. In particular, large area telescopes
will inevitably require larger focal plane detectors — the present technology is already being “pushed” in this
regard for AXAF. Present CCDs are roughly the size of a flattened ping-pong ball, whereas detectors the
size of ping-pong tables may be required in the future. Larger and/or smaller pixel sizes are also necessary
for some applications. Deeper depletion regions are needed to enhance the high energy efficiency, and there
is continuing concern about CCD susceptibility to long-term radiation damage.

At present, most CCD fabrication is performed in large industrial firms where the effort 1s driven
primarily by commercial and defense interests. It is likely that the astronomical devices of the future will
need to be “customized” in ways that are not necessarily consistent with the requirements of these other, more
lucrative applications. NASA should take account of this problem in planning for future CCD development.

Non-Dispersive High-Resolution Spectromelers An extremely exciting recent development in X-ray
instrumentation has been the introduction of non-dispersive, high resolution spectrometers which rely on
cryogenic technology. These devices combine the high spectral resolution characteristically achieved with
dispersive systems with the high quantum efficiency of conventional lower resolution detectors. A reasonable
scientific goal for these detectors would be a spectral resolution of 0.5 eV, so that one could achieve resolving
powers better than 1000 at the oxygen Ko line and the iron L lines. Ideally, these detectors should be
position sensitive, at least over a limited field. Logistics of the space program in the foreseeable future
require detector lifetimes of at least five years, which puts strong demands on the cryogenic systems.

There are several viable technological approaches under study in this category. These include resistive
calorimetry, dielectric calorimetry, kinetic inductance read-out schemes, and superconducting tunnel junction
arrays. The tunnel junction arrays, in particular, appear especially promising; however, all are deserving
of further support. Fabrication of some of these kinds of devices may be outside the scope of what can be
achieved by a university group with a typical SR&T grant, so NASA should consider some other funding
options in this area. In addition, nearly all of these designs require cryogenic systems capable of holding
stable temperatures at the sub-Kelvin level. NASA should assure additional funding for cryogenics technology
development to guarantee that the special needs of these devices can be met with practical flight systems.

Other Basic Technology In identifying the major areas of basic technology, it is important that we also
emphasize the importance of continuing a variety of other, more specific development activities. In effect,
we must maintain a balance between large and small research programs just as we must maintain a balance
between large and small missions. It is clear that remarkable returns have been achieved from modest
investments in the SR&T program. During the long dry spell of the 1980s in terms of flight opportunities,
the SR&T program has delivered an impressive number of successes in technology development. That effort
has to be continued while we proceed with the missions of the 1990s. A partial list of areas for further
investigation includes:

e high pressure gas counters and liquid noble gas detectors

e synthetic multilayers (the goal should be 2-D spacings of ~ 104, both as Bragg diffractors and normal
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incidence mirrors)

ultra-thin windows
improved reflection gratings

improved transmission gratings
various types of polarimeters

y-ray Astronomy

It is likely that the scientific objectives of y-ray astrophysics in the 21st century will be addressed
by multiple missions, involving a mix of platforms for scientific observations. Examples include: a broad-
band high-sensitivity, high-spectral resolution mission in the 5 keV to 10 MeV energy range with angular
resolution of 1’ or better, a high-sensitivity, high-energy mission in the energy range 30 MeV to 100 GeV,
also with angular resolution better than 1’, and a mission capable of high-sensitivity, high-spectral resolution
observations of y-ray bursts. Several technology thrusts are readily identifiable to enable such missions.
Significant improvements in angular resolution, energy resolution, and sensitivity are both required by the
scientific goals, and feasible given anticipations for improvements in technology during the next decade.
Specifically, investment is needed in the development of advanced detector technologies.

A common characteristic of the most promising new detector technologies is detailed event visualization,
i.e., excellent spatial resolution for identifying the primary interaction of the y-ray and reconstruction of
the geometry of secondary photon and particle interactions. Such event visualization is critical over the
entire hard X-ray and 7-ray energy range for determining the photon arrival direction accurately and for
improved sensitivity due to enhanced background rejection. Typically, sensitivity is correlated with size of the
detector systems, so development of cost-effective, large-area detector technologies are important. Candidates
for future technology development include high-pressure gas detectors, liquid Xe and Ar detectors, imaging
scintillation detectors, position sensitive Ge and Si detectors, superconducting transition detectors, and high-
energy bolometer systems. These are typically the same types of detector systems under development in
high-energy and nuclear particle physics. It is difficult to currently assess which of the emerging technologies
will be most attractive for 21st-century space missions. A prudent approach for technology investment would
be diversification, with support both for investigating the feasibility of new detector concepts, and bringing
to maturity those concepts already demonstrated to be feasible for space mission application.

In addition to detector technology, investment is required in various support technologies. These are
likely to include large structures for imaging approaches such as coded-aperture and Fourier transform
imaging, cooling technology for several of the promising detector systems, and advanced electronic and
optical readout technologies.

Policy Issues

Changes in NASA Management Style

NASA science management has been responsive to the astronomy community in formulating a program
whose content reflects community scientific priorities. NASA has also been successful in providing a
continually growing pool of monetary resources for science, which has been especially enhanced in the past
few years in the areas of data analysis and theory. One area in which there has been a growing problem,
however, is the decreasing frequency with which instrumentation can be placed in space. For major missions,
the timescale from initial study to fruition is now approximately a generation. For moderate missions of the
Delta-class Explorer variety, the timescale is only a factor of two smaller, at 10-15 years. It is not clear that
even small missions can be mounted much faster than a decade with standard NASA management practices.
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The unfortunate policy error that resulted in the suspension of expendable launch vehicles in favor of the
Space Shuttle also resulted in a management style that stresses formal safety, reliability and accountability
over innovation and sensible risk. The Challenger tragedy is at least partially responsible for this cautionary
approach to the development of flight hardware. The administrative burden of properly documenting even
the smallest space mission results in stretching out the development schedule and therefore increasing cost.
Furthermore, the formal reporting procedures may not even be the most effective way of providing the level
of reliability that NASA desires. The cost/benefit ratio of this approach is not at all clear, as instrument
development costs per pound of payload typically exceed launch costs by a factor of 10 or more.

NASA has already recognized some aspects of this problem and has begun to address it. A “mixed
fleet” policy is now in effect, so that expendable launch vehicles can be used for at least some missions. The
SMEX (SMall EXplorer) Program is an attempt to alter the management style of the smallest missions by
establishing an in-house project team to produce standard spacecraft systems.

We encourage NASA to continue these efforts and to guard against their inevitable tendency to slip
back toward the more cumbersome and costly approach. We also urge investigation of other changes in
management style for space missions, such as less concentration on formal documentation and management
oversight, and more direct management responsibility for involved scientists. The very successful example of
the Japanese X-ray astronomy program, which features a fixed budget on a fixed schedule, where scientists
and their small management teams make all the tradeoff decisions, is an interesting paradigm. We would
like to see NASA investigate the utilization of similar management practices, and we suggest experimenting
with such innovative management approaches on the “low” end, with the missions that have smallest costs.
NASA is already making a first step in this direction with the HETE project.

The important issue here is flight frequency. Timescales of more than a decade for most missions dissuade
much of the community from participating in the development of space missions; most university scientists
are now extensive users of NASA data, but only a few contribute to the development of new missions. The
negative implications for the training of the next generation of graduate students is obvious and could be
disastrous to the future health of space science.

Use of Expendable Launch Vehicles Versus Manned Missions

We support the current NASA policy that manned vehicles should be used only for those launches where
the presence of a man is mandatory for completion of the experiment. We therefore strongly recommend that
all future high energy astrophysics experiments be launched on Expendable Launch Vehicles (ELVs), except
in those cases so far into development that a change in plans would cause severe financial disruption. (Those
experiments well matched to Space Station Freedom obviously also require manned support). A corollary
of this recommendation is that, lacking some new and compelling rationale to the contrary, the concept of
recoverable /interchangeable buses should be abandoned.

Barriers to Mizing Ground-Based/Space-Based Funding

Multi-wavelength studies of high-energy phenomena in the Universe are becoming increasingly fruitful,
and are crucial for solving a significant subset of problems. These studies are greatly facilitated when
sponsoring agencies fund problem-oriented, as opposed to wavelength-oriented, research. We encourage
continued examination of the structure and policies of funding agencies with these issues in mind.

Lunar Base

In the time interval considered by this report, we can see no compelling experiments which can be
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performed only from the lunar surface. On the other hand, the moon might on longer timescales provide an
effective site for future high energy astrophysics missions that require large, stable structures (such as long
focal-length telescopes, coded apertures, large detector arrays), or that can make good use of the lunar soil
for shielding (such as 7y-ray spectrometers). The technology developments described above for earth-orbiting
experiments will be a prerequisite to exploit future lunar experiments in X- and y-astronomy. At the same
time, planners of lunar initiatives should keep several strawman high energy instruments in mind as they
plan the capabilities of the future lunar bases.

Mission Operatlions and Data Analysis Funding

It is hardly novel to emphasize that Mission Operations and Data Analysis (MODA), rather than
construction of spacecraft and instrumentation, are the true goals of scientific research from space. MODA
funds are invariably a small fraction of the capital costs of most projects; unfortunately there has often been
severe pressure on the NASA MODA line item during times of budget difficulties in the past decade. If the
scientific program advocated in this report is to be implemented, MODA funds must not only be successfully
protected from such cuts, but expanded in a manner commensurate with the expansion of flight opportunities.
The survival of graduate students and postdoctoral fellows is closely tied to the health of MODA funding,
makin